AFRL-AFOSR-UK-TR-2015-0018

GRAPHENE-BASED POLYMER NANOCOMPOSITES

Professor Robert J. Young

University of Manchester
School of Materials
Oxford Road
Manchester M13 9PL, United Kingdom

EOARD GRANT #FAB8655-12-1-2058

Report Date: March 2015

Final Report from 1 April 2012 to 31 March 2015

Distribution Statement A: Approved for public release distribution is unlimited.

Air Force Research Laboratory
Air Force Office of Scientific Research
European Office of Aerospace Research and Development
Unit 4515, APO AE 09421-4515




REPORT DOCUMENTATION PAGE Form Approved OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply
with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From — To)
31 March 2015 Final Report 1 April 2012 — 31 March 2015
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

EOARD 12-2058

GRAPHENE-BASED POLYMER NANOCOMPQOSITES 55 GRANT NUMBER

FA8655-12-1-2058

5c. PROGRAM ELEMENT NUMBER

61102F

6. AUTHOR(S) 5d. PROJECT NUMBER

Prof. Robert J. Young

5d. TASK NUMBER

5e. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

University of Manchester REPORT NUMBER

School of Materials

Oxford Road N/A

Manchester M13 9PL, United Kingdom

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
EOARD AFRL/AFOSR/IOE (EOARD)

Unit 4515

APO AE 09421-4515 11. SPONSOR/MONITOR’S REPORT NUMBER(S)

AFRL-AFOSR-UK-TR-2015-0018

12. DISTRIBUTION/AVAILABILITY STATEMENT

Distribution A: Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The reinforcement mechanisms in graphene-based nanocomposites have been studied in this project, which primarily consists
of three parts: the size and orientation effects of the graphene-based nano-fillers and their interfacial adhesion with the matrix.
Overall Raman spectroscopy has been demonstrated to be a powerful technique to study the graphene-based
nanocomposites. The deformation of small size graphene has been followed and a new model has been established.
Additionally, the deformation of monolayer graphene oxide (GO) has been followed for the first time. It appears that continuum
mechanics is still valid, and the approximately constant strain distribution along the GO flake suggests a better stress transfer
efficiency of GO than that of graphene. The spatial orientation of graphene has been studied based on the Raman scattering
obtained from transverse sections of graphene, where the Raman bands intensities show a strong polarization dependence.
Based on this, a new model has been established to quantify the spatial orientation of graphene in terms of an orientation
distribution function, and the spatial orientation of monolayer graphene has been further confirmed by its surface roughness. It
is also shown how the spatial orientation of graphene-based fillers affects the mechanical properties of the nanocomposites,
through the first determination of the Krenchel orientation factor for nanoplatelets. The findings on both the size and orientation
effects have been employed to study the deformation mechanics of bulk GO reinforced nanocomposite films. It has been
demonstrated for the first time that the effective modulus of GO can be estimated using the Raman D band shift rate, and this is
in agreement with the value measured using conventional mechanical testing. The effective modulus of GO is found to be lower
than its Young’'s modulus, probably due to the mis-orientation, waviness, wrinkling and agglomeration of the GO fillers.

15. SUBJECT TERMS

EOARD, Materials, nanocomposites, graphene

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18, NUMBER | 19a. NAME OF RESPONSIBLE PERSON
a. REPORT b. ABSTRACT | c. THIS PAGE ABSTRACT OF PAGES | Matthew Snyder

UNCLAS UNCLAS UNCLAS SAR 182 19b. TELEPHONE NUMBER (Include area code)
+44 (0)1895 616420

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39-18




FINAL TECHNICAL REPORT

Grant Number: FA8655-12-1-2058

Research Title: GRAPHENE-BASED

POLYMER NANOCOMPOSITES

Pl Name: Professor Robert J Young

School of Materials, University of
Manchester, Oxford Road, Manchester M13

OPL, UK

Period of Performance: 1 April 2012 - 31

March 2015

Distribution A: Approved for public release; distribution is unlimited.



List of Tables

Contents
N 0153 1 = (o PP 6
LISt Of SYMDIOIS ... e e e e eees 7
List Of ADDIeVIatioNS ........unoii e 11
ACKNOWIEAGEIMENTS ... e e et eeea e eees 12
Objectives and Structure of the ThESIS .....ccouui i 13
Chapter 1 Graphene-based NanOCOMPOSILES .........c.uviiiiiiiiiiiiieeeeiie e 16
N0 I ] = o = o = 16
It I =7 o= T = 11T PP 16
1.1.2 MechaniCal PrOPEITIES. ....ccuuu et eeeeens 18
I €] =T o] 1= =T @) Lo = 20
N o =7 o= T = 11T o PP 20
1.2.2 MechaniCal PrOPEITIES. ....cceue et e e e e eeens 21
1.3 Graphene-based Polymer NanOCOMPOSILES ..........oviiiiiiiiiiiiiii e 22
R TRt o =7 o= T = 11T PP 22
1.3.1.1 SoVeNt BIENAING .....oieieiieie e e 22
1.3.1.2In-Situ POIYMENIZAtION........ueieieii e 22
G Tt ARG /1= | = =T o T 1] o 23
1.4 Mechanics and Characterization ..............cooooeiiiiiiiiiiiiie e 24
R R 141 () =T o] = ST P PP PRPPPPPPPPIIN 25
I N o= Tod B = 1oL 29
1.4.3 OFIENEALION ...ttt e et e e e e e e e e e e e e e eennne 31
1.5 CONCIUSIONS ...ttt e et e e e e e e e e e e 36
REFEIENCES ...ttt e e e e 36
Chapter 2 Raman Spectroscopy of Graphene ..........ccooeiiiiiiiiiiiiiii e 45
P2 R [ g1 oo [ o 1o o TR PSP PP PPRPPPPPPPPIN 45
2.2 Principle of Raman SCattering .........ooveiieuiiiiiiiiii e 45
A R O - 11 (o= | I I =T R 45
A O 1N - U110 1o T I =0 o P 47
2

Distribution A: Approved for public release; distribution is unlimited.



List of Tables

2.3 INSTTUMENTALION ..ttt e e et e e e e e e e e e e e e e e ennnes 49
2.3.1 RAMaAN SPECIIOMELET ..... ettt e et e e e et e e ees 49
2.3.2In-situ Deformation Raman SPEeCrOSCOPY .....uueveruueerieiieeeeiieeeeeeiaaeeeaineeaees 50
2.3.3 Raman Spectroscopy Data AnalySIS ...........cooeuiiiiiiiiiieiiii e 51

2.4 Raman Spectroscopy of Graphene and Graphene OXide..........cccooveeiiiiiieeiiiiieeeennnn. 51
2.4 1 RAMAN G DANG ... 52
2.4.2Raman D, D' and 2D DaANndS .......ovveieiiii e 53
2.4.3 Strain iINn Graphene ... 56
2.4.4 Orientation of Graphene ... 62

2.4.4.1 Graphene In-Plane ROtation ...........coooiiiiiiiiii e 63
2.4.4.2 Graphene Out-of-Plane Rotation ...........cooooviiiiiiiiiie e 65
2.5 CONCIUSIONS ...ttt ettt e e e et et e et e e e e e et e e s e e e e e e e eennnes 67
REFEIENCES ...t e e e 67
Chapter 3 The Deformation of Wrinkled Graphene .............c.coiiiiiiiiiiiiiiinnes 75
I N [ 511 0T [ o 1o o TR PP PP PPRPPPPPPPPIN 75
T o = 11T = | P 75
B2 L MAEETIAIS ... 75
3.2.2 CharaCteriZaATION. ......ceeiieieiiee ettt 76
3.3 RESUIS @Nd DISCUSSION ......iieiiiiiiiiie ettt e et e e e e 76
3.3.1 Size of Graphene ISIaNdS........ ... 76
3.3.2 RAMAN SPECIIOSCOPY -..cvnnienneetn ettt eet e e et eeet e e et e e et e e et e e et e e et e eeaaaeanaaeennns 77
3.3.3 Measurement of Laser SPOt SiZ@.........uiiiiiiiiiiiiiii e 80
G T 70 1Y (o T = |11 o PP 81
3.4 CONCIUSIONS ...ttt ettt e e et e et et n e e e et e e e e n e e e e e e eeennnes 89
REFEIENCES ...ttt e e 90
Chapter 4 Deformation of Monolayer Graphene OXxide...............occiieiiiinnnennn. 93
g O 1 (Yo [ o 1[0 o 93
o ey d o 1= 10 0= o] = | 94
4.2 1 MALETIAIS ...ttt 94
A e =T o = = 1o o 94
4.2.3 CharacCteriZatiON...........uuuuuii ettt e et e e e e e e e e e e eennnes 95
4.3 RESUILS AN DISCUSSION .....ccviiiiiiiiieeeeeeeetiie ettt e ettt e e e e e e s e e e eeeeenes 95
4.3.1 Microstructure of the GO FIaKES ...........coooiiiiiiiiii e 95
4.3.2 Deformation of Monolayer GO ..........ccooiiiiiiiiii e e 97
4.3.3 Deformation Mechanics of Monolayer GO ...........ccccoiiiiiiiiiiiiiiiiie e 102

3

Distribution A: Approved for public release; distribution is unlimited.



List of Tables

N @0 (o1 [ U =Y 0] 4 1P 105

(RS (=] (=1 [0TSR 105

Chapter 5 Quantitative Determination of the Spatial Orientation of Graphene

by Polarized Raman SPECITOSCOPY ... vieuuieiiiiieeiiiie et e et a e eees 109
LS [ 11 0T [ T T o 109
A o= 1 1T 1= | 110

LI R o €= o - = o] o 110
5.2.2 CharaCteriZatiON. .........coeiiiei e e e e e e e e e eeees 111
5.3 RESUIS ANd DISCUSSION .....uiieiiii ettt et e e e e e e e e e eeennns 112
LR T B €] =1 o] 1= = B 112
5.3.2 Graphene-PET ..o 116
5.3.3 Spatial Orientation of Graphene .............coooiii i 120
5.3.4 HOPG and Graphene Paper ......c... oot 124
5.3.5 Orientation Distribution FUNCHION ...........ooiiiiiiii e 126
L 0] 1o 11 153 (o] L3P 130
] 1= = o] 131

Chapter 6 Determination of the Degree of Orientation of Graphene-based

Nanoplatelets in NanOCOMPOSITES ... .cc.uuiiiiiie e 134
6.1 INEFOTUCTION ...ttt e e e et e e e e e e e e e n e e e e e e eenes 134
LI b o= 1 1T 1= | 135

B.2. 1 MALETIAIS ... 135
I e €= o T = (o] o 135
6.2.3 CharaCteriZatiON. ........cciieeiiiiiie et 136
6.3 RESUIt N DISCUSSION ......iiiiiiiiiiie ettt e e e e e e e e eeeees 137
6.3.1 Model of Spatial Orientation .............ii i 137
6.3.2 GO/PVA NANOCOMPOSITES ......ccoiiiriiiiiiieeeeeeeeiiis e e e e e 139
6.3.3 GO/epoxy and GO/PMMA ...t 142
6.3.4 Orientation distribution function (ODF) ...........coviiiiiiiiiiieiee e, 144
6.3.5 Krenchel orientation fact@.............oooveeeiioiiiiii e 145
6.3.6 Comparison with the Hermans’ model ............cccoooviiiiiiiini e, 147
6.4 CONCIUSIONS ...ttt ettt e e et e et e e e e e e e e et na e e e e eeeeenes 149
REFEIENCES ... et 149

Chapter 7 Interfacial Stress Transfer in Graphene Oxide Nanocomposites ... 151
45 R 11 0T [ T 10 o 151

Distribution A: Approved for public release; distribution is unlimited.



List of Tables

A = o L= 1 1T = | 152
T2 L MEEETIAIS ... 152
A €= o - = (o] o 152
7.2.3 CharaCteriZatiON.........ccuiieiiiiie ettt e e 153

7.3 RESUIS @Nd DISCUSSION ......iieiiiiiiiiie ettt e e e e e e e e 154
7.3.1 Microstructure of GO and GO/PVA FIlMS ......couvuiiiiiiiiiiiiii e 154
7.3.2 Mechanical Properties of GO/PVA FilMS.......ccoouiiiiiiiiiiiieeeeeeei 158
7.3.3 Deformation of NanOCOMPOSITES ........cceeuuniiiiiiie i 161
7.3.4 Mechanics of Deformation.............cooiiiiiiiiiiiiii e 164

7.4 CONCIUSIONS ...ttt ettt e e ettt et e e e e e e e e e e e e e eeeeenes 169

REFEIENCES ... et 170

Chapter 8 Conclusions and Suggestions for Future Work................ccocccuv. 174

8.1 CONCIUSIONS ...ttt e e ettt e e e e e e e et e e e e e e eennes 174
8.1.1 Model Monolayer Graphene and Graphene Oxide Nanocomposites ............ 174
8.1.2 Spatial Orientation of Graphene and GO ............ccccoiiiiiiiiiiiii e 175
8.1.3 Deformations Mechanics of GO in NanoCOmMpOoSIteS ...........ccceviveeeeiinieenennnn. 176

8.2 Suggestions for FULUIre WOIK ...........ui e 177
8.2.1 Deformation Mechanics of Mono- and Few- Layer GO Flake ..................... 177
8.2.2 Nanocomposites Reinforced Using Liquid Exfoliated Graphene.................. 177
8.2.3 Wrinkling of Graphene and GO ...........ooiiiiiiiiiiiei e 178
8.2.4 Other Two-Dimensional (2D) Materials............cooeieiiiiiiiiieieeee e 178

REFEIENCES ...ttt 179

5

Distribution A: Approved for public release; distribution is unlimited.



Abstract

Abstract

The reinforcement mechanisms in graphene-based nanocomposites have been
studied in this project, which primarily consists of three parts: the size and
orientation effects of the graphene-based nano-fillers and their interfacial adhesion
with the matrix. Overall Raman spectroscopy has been demonstrated to be a
powerful technique to study the graphene-based nanocomposites.

The deformation of small size graphene has been followed and a new model has
been established to consider both the non-uniformity of strain along the graphene
and laser intensity within the laser spot, which interprets the observed unusual
Raman band shift well. Additionally, the deformation of monolayer graphene oxide
(GO) has been followed for the first time. It appears that continuum mechanics is
still valid, and the approximately constant strain distribution along the GO flake
suggests a better stress transfer efficiency of GO than that of graphene.

The spatial orientation of graphene has been studied based on the Raman scattering
obtained from transverse sections of graphene, where the Raman bands intensities
show a strong polarization dependence. Based on this, a new model has been
established to quantify the spatial orientation of graphene in terms of an orientation
distribution function, and the spatial orientation of monolayer graphene has been
further confirmed by its surface roughness. This model has been extended to a
variety of graphene-based materials and nanocomposites. It is also shown how the
spatial orientation of graphene-based fillers affects the mechanical properties of the
nanocomposites, through the first determination of the Krenchel orientation factor
for nanoplatelets.

The findings on both the size and orientation effects have been employed to study
the deformation mechanics of bulk GO reinforced nanocomposite films. It has been
demonstrated for the first time that the effective modulus of GO can be estimated
using the Raman D band shift rate, and this is in agreement with the value measured
using conventional mechanical testing. The effective modulus of GO is found to be
lower than its Young’'s modulus, probably due to the mis-orientation, waviness,
wrinkling and agglomeration of the GO fillers.
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Objectives and Structure of the Report

Objectives and Structure of the Report

Since its isolation in 2004, graphene has attracted tremendous attention in both
academia and industry. Among all of the potential applications of graphene, its
application in nanocomposites is clearly one of the most promising and achievable.
Its large surface area, exceptional mechanical properties and also the
multifunctionality make it stand out as the reinforcement filler for the next
generation composites, as do its derivatives, such as graphene oxide (GO), reduced
GO (rGO) and functionalized GO (fGO). Each of them has its own advantages but
also disadvantages. From the mechanical point of view, pristine graphene has a high
modulus of about 1 TPa, but suffers from poor interfacial adhesion due to its inert
surface. GO, fGO and rGO are able to interact with matrix but have intrinsic stiffness
of only one fourth of that of graphene. Hence the choice of the filler indeed relies on
its target applications.

A number of types of graphene and various methods can be employed to prepare the
nanocomposites. To avoid trial-and-error, it would be significantly instructive to
focus on the key issues from the mechanics point of view, so that the reinforcement
efficiency can be generally evaluated. So far, a systematic method for this purpose is
still needed.

To solve these problems, this thesis aims at establishing models to quantitatively
analyse the major factors that control the reinforcement of the nanocomposites, that
is, lateral dimension and orientation of the graphene-based fillers, and the interfacial

adhesion between them and matrix.

Chapter 1 briefly reviews the development of graphene-based nanocomposites,
including the nature of graphene/GO and the preparation methods. Focus is paid on
three major aspects of the mechanics of nanocomposites: the interface, aspect ratio
and orientation, where some of the characterization methods and the models for
evaluation are discussed. Chapter 2 reviews some of the literature on the
characterization of graphene using Raman spectroscopy, which is the primary

characterization method in this thesis. It briefly introduces the principles of Raman
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Objectives and Structure of the Report

scattering and the origins of the different Raman bands of graphene. Attention is
focused on the stress/strain induced Raman band position shift, and the polarization
dependence of the Raman band intensity upon the orientation of graphene.

Chapters 3&4 study the size effect of the filler on the reinforcement of
nanocomposites. Chapter 3 presents a study on monitoring the deformation of small
size graphene, which is different from the large size exfoliated graphene studied
before. A model to consider the non-uniformity of the strain distribution in the
graphene, and the laser intensity within the spot size is established, which explains
the observed abnormal Raman band shift well. Chapter 4 presents a study on the
deformation mechanics of GO. It is found that, similar to that of graphene, the
Raman D band downshifts as the GO is deformed, and the shift rate can be used to
monitor the variation of strain along the GO flake, particularly from the edge. The
almost constant strain distribution along the GO flake demonstrates that it also
follows continuum mechanics, and also implies a better stress transfer efficiency of

GO than that of graphene when used as fillers in nanocomposites.

Chapters 5&6 study the orientation effect of the filler on the reinforcement of
nanocomposites. Chapter 5 reports the observation of Raman scattering signal from
the transverse section of monolayer graphene, and the Raman bands intensities show
a strong polarization dependence. Based on this, a model is established based on the
polarizability tensors to not only quantify the spatial orientation of graphene but also
reconstruct the orientation distribution function. This model is further extended to
other graphene-based bulk material such as HOPG and specimen with a lower
orientation degree such as graphene paper. Chapter 6 further develops the model to
guantify the spatial orientation of GO in three types of nanocomposites. Through the
determination of the classical Krenchel orientation factor for three-dimensionally
aligned platelets, the effect of spatial orientation of filler on the mechanical
properties of the composites is revealed.

Chapter 7 presents a study on the mechanics of GO reinforced poly(vinyl alcohol)
bulk nanocomposites, taking into account both the size and orientation effect of the
GO flakes discussed before. According to the knowledge of Griineisen parameter,
the Raman D band shift rate with strain is further developed to estimate the effective
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modulus of GO in the nanocomposites, and it is further confirmed by the good

agreement of the modulus calculated in this way and the values obtained using
conventional mechanical testing. It is found that the effective modulus of GO in

nanocomposites is significantly lower than its Young’s modulus, the possible

reasons could be mis-orientation, waviness, wrinkling and agglomeration of the GO
fillers.

Chapter 8 presents the conclusions for this work. Additionally, it features some of
the future work that can be studied based upon this thesis, including the mechanics
of few-layer GO flakes, mechanics of liquid-phase exfoliated graphene, wrinkling of
graphene/GO and relevant studies on other 2D crystals.
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Chapter 1 Graphene-based Nanocomposites

Chapter 1 Graphene-based Nanocomposites

1.1 Graphene

Graphene is a two-dimensional atomically thick carbon sheet with all the carbon
atoms arranged in a hexagonal lattice, and is the basic building block of all the
graphitic carbon materials [1]. It has attracted tremendous attentions since its first
isolation and identification by mechanical cleavage in 2004 [2].

1.1.1 Preparation

Graphene was prepared firstly by mechanical cleavage using ‘Scotch tape’ method
[2]. Apart from that, many other methods have been developed, with each of which
possessing its own advantages and disadvantages. The methods can be generally
grouped into two categories, one is termed the ‘top-down’ method, where the starting
materials are bulk materials such as graphite; while the other one is known as
the 'bottom-up’ method, which starts with small molecules [3].

1) Top-Down

‘Top-down’ stands for the separation of graphene layers from bulk materials. The
well-known ‘Scotch-tape’ method belongs to this category, where people used
commercial Scotch tape to separate graphene repeatedly from highly-ordered
pyrolytic graphite (HOPG) [2], followed by transferring it to different substrates
such as a silicon wafers or poly(methyl methacrylate) (PMMA) beam. Graphene
prepared by this method is suitable for fundamental studies because of the high
quality and large lateral dimension [4, 5], but not for production scale-up (Fig.
1.1(a)).
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Chapter 1 Graphene-based Nanocomposites

Figure 1.1 Schematic illustration of the ‘top-down’ method (a) mechanical cleavage
[2, 6], (b) liquid exfoliation [6, 7] and (c) reduction of GO [8].

Liquid-phase exfoliation can also be employed to isolate graphene. It was reported
that with the assistance of centrifuge and sonication, graphene layers as large as 1
um can be exfoliated in organic solvents such as N-methyl-2-pyrrolidone (NMP) [7,

9] and dimethylformamide (DMF) [10] for which the surface energy is comparable

to the energy needed to peel graphene apart [7]. This method is better for scale-up
production however it suffers from the production of small size graphene flakes (Fig.
1.1(b)). Similarly, graphene can also be prepared by electrochemical exfoliation [11].

Another alternative route is the reduction of graphene oxide (GO), a derivative of
graphene with a large amount of functional groups. After reduction the graphitic
structure is partially restored [12]. This method facilitates remarkably the dispersion
of graphene in matrix for a composite application but attention should be paid to the
increased defect density (Fig. 1.1(c)) [12].

2) Bottom-Up

In the ‘bottom-up’ method, graphene is synthesised from the carbon atoms of other
small molecules. Chemical vapour deposition (CVD) is a typical process in this

category [13], where carbon atoms from the decomposed gas molecules deposit onto
the catalyst substrate at high temperature to form graphene (Fig. 1.2(a)). The
graphene size and stacking order [13-15] can be optimized by changing the gas
source [16], temperature [17], pressure [18] as well as the substrate underneath [19].
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This method provides high quality graphene at low cost so it is regarded as one of
the most promising production methods once the transfer and recycling process is
optimized [6, 20].

Figure 1.2 Schematic illustration of ‘bottom-up’ graphene preparation (a) CVD [6,
13] and (b) Unzipping of CNTs [21].

The epitaxial growth process is a substrate-based method [22], where the thermal
treatment sublimates the silicon atoms of a SiC substrate, and the remaining carbon
atoms subsequently re-organize into high-quality graphene layers [23]. However the
cost of the SiC substrate is high [6].

Besides these two methods, other methods have also been reported including
polymerization of monomer precursors [24], and the unzipping of carbon nanotube
(CNT) (Fig. 1.2(b)) [21, 25].

1.1.2 Mechanical Properties

By indenting graphene suspended over a hole using an atomic force microscope
(AFM) tip (Fig. 1.3(a)), Lee et al. [26] directly measured the strength and Young’s
modulus of monolayer graphene to be around 130 GPa and 1 TPa, respectively.
These values are widely accepted nowadays. The lower value of 0.5 TPa measured
earlier Frank et al. [27] using a similar method but with few-layer graphene is
probably due to the low shear modulus between graphene layers [28, 29].
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Figure 1.3 (a) Schematic illustration of the nanoindentation test on graphene
suspended on holes [26]. (b) Raman G band position in a line scanning across a

suspended graphene flake [30].

Other than direct measurement, Raman spectroscopy [30] is another candidate
method based on the stress/strain induced Raman band shift [31]. By mapping the
Raman spectra at different positions of a pressured graphene (Fig. 1.3(b)), the
Young’s modulus of mono- and bi-layer graphene was estimated to be 2.4 and 2.0
TPa, respectively. The value higher than expected was interpreted as due to the non-
linear behaviour of graphene that being stiffer at low strain, yet it is in contrast to the
reported stiffening at higher strain due to wrinkle flattening [32, 33].

Beyond the in-plane properties, the interlayer shear modulus has been estimated by
Tan et al. [28] to be around 4.3 GPa using a Raman active vibrational mode resulting
from the relative motion of adjacent graphene layers. This low interlayer shear
modulus might be responsible for the low modulus of multilayer graphene in
nanocomposites [34] and the reversible loss of Bernal stacking of few-layer

graphene under deformation [29].

In reality, however, different types of defects [35] affect the mechanical properties of
graphene unavoidably [36], especially for materials prepared using the CVD method
with massive detrimental grain boundaries and ripples [32, 37].
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1.2 Graphene Oxide

1.2.1 Preparation

Generally graphite oxide is prepared by treating graphite using strong oxidizing
agents [38], followed by removing the residual chemicals. It was originally prepared
by Brodie et al. [39] and Staudenmaier et al. [40], yet most of the methods [41] used
nowadays are based on the less time-consuming and hazardous Hummers’ method
[42]. After dispersing to few-layers, it is generally called ‘graphene oxide’.

Figure 1.4 Schematic structure of (a) GO [43] and (b) GO and oxidative debris [44].
Transmission electron microscope (TEM) images of the suspended monolayer (c)
GO and (d) rGO [12]. The green, red and blue area in (c) and (d) indicate graphitic,
disordered and hole areas.

There are a large number of oxygen functional groups in GO, primarily hydroxyl and
epoxy groups on the basal plane and carboxyl and carbonyl groups at the edges,
which make GO chemically active and hydrophilic [45]. Although the oxidation
degree can be defined simply by the C:O ratio [46], the atomic structure of GO (Fig.
1.4(a)) is still under debate as both ring [47] and hexagonal [48] diffraction patterns
have been observed, corresponding to amorphous and crystal structures, respectively.
One breakthrough was the successful separation of the graphitic basal planes from
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the oxidative debris in basic media (Fig. 1.4(b)), thus known as the ‘based wash’
method [44, 49]. The oxidative debris, acts as a surfactant to stabilize GO in
suspension. Either chemical [50, 51] or thermal [52] treatment is able to remove the
oxygen functional groups and partially restores the graphitic structure [53], albeit
with an increased hole density in reduced GO (rGO) (Figs. 1.4(c) and (d)) [12].

1.2.2 Mechanical Properties

The massive defects and functional groups reduce the stiffness and strength of GO
[54]. Using a similar indentation method to that for monolayer graphene, Goémez-
Navarro et al. [55] measured the stiffness of rGO to be ~0.25 TPa, and similar value
of ~208 GPa was also obtained using a similar method (Fig. 1%%&)Moreover,

in contrast to what was found previously on graphene [26, 27], Suk et al. [56] found
an almost constant Young’s modulus of GO membranes with different number of
GO layers (Fig. 1.5(a)), possibly implying a higher interlayer shear modulus than
graphene.

Figure 1.5 (a) Histogram of the Young’'s modulus of GO with different number of
layers assuming the thick to be one layer for all the membranes [56]. (b) Schematic
illustration of GO structure containing hole defects. The red and green balls
represent carbon and oxygen atoms, respectively [57].

Using computer simulation, Paci et al. [57] showed a decrease of modulus by a
factor of ~2 when the monolayer graphene is oxidized and defects are introduced
(Fig. 1.5(b)), with the actual values being different for the ordered and amorphous
region [58]. At the same time, the almost doubled thickness of GO compared to that

of graphene halves the modulus further.
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1.3 Graphene-based Polymer Nanocomposites

The exceptional mechanical properties and the large surface areas enable graphene
and GO to be promising fillers to reinforce polymer composites, and their various
properties also endow extra advantages to be applied in multifunctional
nanocomposites [10].

1.3.1 Preparation

The reinforcement of composites materials with graphite [59] and graphite oxide [60]
was reported number of years ago, however monolayer-level dispersion is not easy
to obtain due to van der Waals forces. The first breakthrough was reported by
Stankovich et al. [10] by functionalizing GO to improve its dispersion in polystyrene
(PS) matrix. The composites showed optimized electrical conductivity and a low
percolation threshold.

In general there are generally three methods to prepare graphene-based
nanocomposites: solvent blendimgssitu polymerization and melt blending.

1.3.1.1 Solvent Blending

The solvent blending method facilitates the dispersion of graphene and GO in a
matrix by involving an intermediary solvent to dissolve the filler and matrix
individually. The two components are then mixed [61, 62], followed by removing
the solvent. Graphene can be dispersed in this way in a matrix like poly(vinyl
alcohol) (PVA) [63] but GO is more commonly used, for its active surface, to
reinforce matrice such as PVA [61, 64, 65], epoxy resins [62, 66, 67] and
polyethylene (PE) [68]. Vacuum filtration is sometimes employed to align the
graphene flakes [69, 70].

1.3.1.2In-situ Polymerization

In-situ polymerization is a process in which the monomers polymiergéu around
the fillers or even graft to them [71], thus it overcomes the problem of dramatically
increased viscosity of the polymer when filler is incorporated [72].
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A high concentration of graphene can be obtained without any agglomeration being
observed in the PMMA matrix [73]. Additionallyn-situ polymerization is also
applicable for a variety of polymers [71]. It is particularly useful for some insoluble
and thermally-unstable polymers such as polyaniline (PANI) [74, 75].

1.3.1.3 Melt Blending

Melt blending is where the fillers are mixed with the polymer in the melt state,
followed by extrusion or injection moulding to exfoliate the graphene or GO with a
strong shear force [76]. It is simple for scale-up production, and can be applied to a
number of polymers, such as PE [77], PP [78, 79], polycarbonate (PC) [80] and
PMMA [81]. The nanocomposite properties can be tuned by controlling the shear
rate, temperature as well as mixing time [75]. An enhanced mechanical property was
shown by simply exfoliating graphite into a PP matrix using solid-state shear
pulverization in a twin-screw extruder [79]. However compared to the other two
methods, it suffers from the relative poor filler dispersion, increased polymer
viscosity during processing and filler damage due to thermal degradation or strong
shear forces [3, 82].

At this stage GO seems more suitable as a nano-filler because of its active surface
[83]. During or even after nanocomposites preparation, GO can be reduced to restore
the graphitic structure using hydrazine [65, 84] or hydrogen iodide (HI) [85],
although it sometimes sacrifices dispersion and results in re-aggregation [68, 73].
Kim et al. compared the three methods thoroughly using rGO or functionalized GO
(fGO) filled thermoplastic polyurethane (PU), and it was concluded that the
reinforcement of filler for nanocomposites is generally less effective when prepared
by melting blending [3, 86]. Actually in order to optimize nanocomposite properties,
the methods can be employed synergistically, such as by solvent assisted melt
blending [87] or polymerization [83]. Some of the advantages and disadvantages of
these methods are summarized in Table 1.1.
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Table 1.1 Advantages and disadvantages of the three nanocomposites preparation
methods [23].

Advantages Disadvantages
Solvent . . . * Environment problems
Blending Good filler dispersion » Specific polymers
In-situ * High filler concentration

o . . nly in solvent
Polymerization| «  Strong interfaces Only in solve

* Economic and convenient =  Poor filler dispersion

Melt Blending | | Environment-friendly * Filler damage

1.4 Mechanics and Characterization

The mechanics of the reinforcement of matrix have already been studied in detail [88,
89]. The ‘rule of mixtures’ is a classical approximation to estimate the stiffness of
composites [88], where its uniform strain/stress cases are widely accepted as the
upper/lower bounds [90]. In the uniform strain situation, the Young’s modulus of

compositescomp IS given as:

E)mp = ﬁer Mler + En% = ﬁller Vﬁller + Em(l_vﬁller ) (11)

whereEsier, Em denote the Young's modulus of the filler and matrix, respectively.
Viiler andVpy, correspond to the volume fraction of the filler and matrix. As a simple
approximation, there are some assumptions in the model. Generally three of them are
critical to determindEcomp [91]:

1. Good interfacial adhesion between filler and matrix without any interface
failure.

2. The filler size is infinite so stress is uniform along the filler.

3. All the fillers are aligned unidirectionally along the uniaxial load.

However, in nanocomposites, the assumptions are not always satisfied. Given an
intact interface, the size factgrand Krenchel orientation factgs can be included
to correct derivations from the model [89]:
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Ecomp = ,7|,70 ﬁller Vﬁller + Em (1_\/ﬁller ) (12)

To reinforce a matrix, it is still trade-off between graphene, GO or other forms of
fGO. Graphene has a high modulus of about 1 TPa, but suffers from poor interfacial
adhesion due to its inert surface. GO or fGO can interact with matrix but have
intrinsic strengths of only one fourth of that of graphene. The reduction of GO
partially restores the graphite structure thus enhances its stiffness but sacrifices some
of the interface bonding [53].

In this case, an accurate estimation of their contribution to the mechanical properties
of nanocomposites is of great practical importance; Hnyin, is defined as the
‘reinforcement efficiency factor’ [92], then Eq. 1.2 is simplified as:

ﬁomp = ,7 ﬁller Vﬁller + Em (1_\/ﬁller) (13)

and the termyEsier, can be defined as ‘effective modulus’, as a measure of the filler
modulus that takes into account the effect of both size and orientation of fillers in the

nanocomposites.
1.4.1 Interface

The filler-matrix interface plays a significant role in deciding the properties of
composites as a strong interface is the premise for the filler to bear load [82, 93]. It is
particularly important for nanocomposites, as one of the advantages of nano-fillers is
their large surface area.

Figure 1.6 Deformation pattern of a nanocomposite with filler incorporated [94].
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Given the filler is aligned along the stress direction, the different stiffness of filler
and matrix lead to their different axial displacement (Fig. 1.6) [95]. Hence it is
assumed that the stress is transferred from matrix to the filler primarily through

interfacial shear stress, and the axial stress in the #ijlgr is given as [96]:

4 X
Ofijer = adeX (1.4)

0

wherer is the interfacial shear stressis the thickness for flake filler or diameter for
fibre filler, and x is the distance along the filler from one end. If the interface is
stronger than the matrix, the matrix yields first, otherwise the interface debonds [45].
Therefore, in order to reveal the deformation mechanismsist be estimated along

the filler. Basically there are two models: the Kelly-Tyson model [95] and Cox
model [97]. In both models, the filler is considered to be linearly elastic [98],

however different assumptions are made regarding the matrix [96].
1) Kelly-Tyson model
(c)

@ (b)

Stresssje,

Shear Stress
Shear Stress

Shear Strain Distancex Distancex

Figure 1.7 The Kelly-Tyson model: (a) Stress-strain curve of the plastic matrix

material. (b) Shear stress and (c) axial stress distribution along the filler [96].

In the Kelly-Tyson model [95], the matrix is assumed to be plastic (Fig. 1.7(a)) [96],

leading to a constant (Fig. 1.7(b)), and thus there is a linear increasepf at

both ends of filler along the stress direction (Fig. 1.7(c)) [98]:

4
O, =—1IX 1.5
filler d ( )
2) Cox model
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(b)

~

Shear Strain Distancex Distancex

@)

Shear Stress
Stressye,
c

Shear Stress

Figure 1.8 The Cox model: (a) Stress-strain curve of the elastic matrix material. (b)

Shear stress and (c) axial stress distribution along the filler [96].

The Cox model [95, 97] is also known as ‘shear-lag’ model, where the matrix is

assumed to be linearly elastic (Fig. 1.8(a)). In this cas#gng the filler varies as

(Fig. 1.8(b)):
sinh(ns[ﬁf —;D
r= r]Eﬁller“’?m }{nSJ (16)
cos >

This leads to a non-linear increaseay,, at both ends of filler (Fig. 1.8(c)):

ns I
COS{I [EX_ZJJ
1- (1.7)

Tier = EjerEm ns
coshn —
’{ 2 j

EEHED e
Efer \ I —t Esiter \ tm

wheregn, is the matrix strainG,, is the shear modulus of the mattixandt,, are the

thickness of filler and elementary matrix, respectivélis the length of filler and
s(=I/t) is its aspect ratio. The temns is regarded as a measure of the stress transfer
efficiency, depending on the filler morphology and interfacial adhesion [94]<As

tm, N can be approximated as shown in Eq. 1.8.

In both modelsgy,,, increases from the filler ends to its maximum after a certain

distance, where the filler strain is equivalent to the matrix strain [96]. Twice this
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distance is defined as the ‘critical length; (Fig. 1.9). If the filler size is

considerably larger thak, the g, plateau will be large enough, and the polymer

matrix can be better reinforced. However, if the filler size is comparable to or even

less tharl, the gy, variation along the filler should be considered. Three different

O, distributions with regard to the filler size are shown in Fig. 1.9 [96]:

| w2, @ , w2, | w2, w2, (b) S w2, ©
] i 5 : ; 5 :
U'J 1 (%] 1 0
o | g | g
2 i 2 i 5
Distancex Distancex Distancex

Figure 1.9 Stress distribution calculated by the ‘Kelly-Tyson model’ along the fillers
with different sizes: (a) longer thagp, (b) equal td_c and (c) shorter thal. [96].

It should be noted that these models are not rigorous and only provide a simple
approximation [94]. For example, is usually larger than that calculated near the

filler ends due to stress concentrations [95, 96].

Figure 1.10 (a) Strain distribution of T50 carbon fibre in epoxy resin matrix at a
matrix strain of 0.8 % [99]. (b) Strain distribution of a monolayer graphene in a

polymer matrix at a strain of 0.8 % [100].

The interfacial properties of conventional composites can be measured by numbers
of methods such as pull-out test, micro-droplet test, microcompression and
fragmentation [101]. In nanocomposites the interfacial strength has been estimated
by detaching a filler from the matrix [102, 103]. Also the stress/strain sensing of the
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Raman band positions has been used to follow the non-uniform stress distribution in
both fibres [99, 104] and graphene (Fig. 1.10) [94, 100]. For graphene, the
coincidence with the theoretical models demonstrates that it still follows continuous
mechanics at this scale. The interfacial shear stress was calculated to be order of 2
MPa [94, 105], consistent with the calculations for carbon nanotube/polymer
interfaces [106], indicating the van der Waals force is dominant for
graphene/polymer interfaces without any interfacial bonding.

In order to strengthen the interface, non-covalent [45, 107] and covalent [66, 108]
functionalization of pristine graphene can be utilized [86]. The chemically-inert
basal plane can be non-covalently functionaliziedthen-n interaction [107], while

the active defects and edges enable graphene to be covalent functionalized and
grafted by other molecules. Particularly, interfacial strength is further enhanced if
polymer-grafted graphene is used to reinforce a chemically similar polymer matrix
[109].

1.4.2 Aspect Ratio

The filler aspect ratis is defined here as=l/t, that is, the ratio of lateral size and
thickness for flake or the ratio of length and diameter for fibre [63], The filler size is
usually determined using AFM [64, 110], scanning electron microscope (SEM) (Figs.
1.11(a) and (b)) [64, 110] or TEM [9] images, and the filler thickness can be
measured by means of AFM height profile scans (Fig. 1.11(c)) [10]. Young et al. [90]
presented a thorough discussion on the effect of aspect ratio on the mechanical
properties of nanocomposites.

Figure 1.11 (a) SEM image and (b) area distribution of GO sheet [110]. (c) AFM
image of the fGO showing the thickness to be ~1 nm [10].
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It was discussed in Section 1.4.1 that better reinforcement efficiency is achieved
when the filler has a large lateral size [111]. An instructive mininsuvalue for
graphene has been calculated to be 300 or 1000 for rigid polymer or elastomer [45].

Considering the non-uniformity of both tleg,., distribution along the filler and the

ller

aspect ratio of all fillers, the average axial stress: that fillers take can be given
by modifying Eq. 1.7 as [89]:

ns
. o
Tiier ZI—.([Uﬁ”erdX: EfierEm 1_T (1.9)

2

For bulk nanocomposites, the graphene thicknesssd matrix thickness, can be
converted to the filler volume fractiovkiier and matrix volume fraction (Wnier).
Combined with Eqg. 1.8, the size factpiof the fillers in the nanocomposites can be
obtained as [63, 89, 91]:

ns
anf™
/7| = 1_T (1 10)
2
where n= \/%[hj (1.11)
Efiller 1_\/ﬂller

n quantifies the effect of the filler aspect rasoon the composites mechanical
properties, and the variation as the functios was shown elsewhere [63].

In order to enlarge the aspect ratio of fillers for better reinforcement, one can
increase the filler size [110, 112], or on the other hand, disperse the filler
homogeneously into matrix to obtain thinner layers [61]. It should be noted that for
large size fillers, distortion and wrinkles [113] need to be avoided, as they not only
deteriorate the reinforcement but also tend to break the filler into small segments.
The structural discontinuity caused in this circumstance reduces the stress transfer
[99, 100], giving the filler a sma#i;. One issue here for graphene is that its interlayer
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shear modulus is as low as 5 GPa [28], which means, if graphene cannot be
exfoliated homogeneously, interlayer sliding will cause a further decrease in
reinforcement [34].

1.4.3 Orientation

The filler orientation also affects the mechanical properties of composites
remarkably [114, 115], especially for nanocomposites, where controlling and
characterizing the nano-filler orientation is complicated. Many experimental
methods have been developed to characterize filler orientation, such as microscopy
[61, 85, 116], X-ray scattering [80, 117-119], Raman spectroscopy [70, 120], Fourier
transform infrared (FTIR) [121] and UV-Vis spectroscopy [122].

Microscopy is the most straight forward in that the filler orientation distribution and
the average orientation can be given by simply counting the number of fillers at
different angles in SEM (Fig. 1.12(a)) [85] or TEM (Fig. 1.12(b)) [116] images,

however it is time consuming. A quantitative orientation factor can be further

derived by processing the images using fast Fourier transformation [123, 124].

Figure 1.12 (a) SEM image of the fracture surface of GO/PVA nanocomposite film

[85]. (b) TEM image of a clay reinforced Nylon-6 nanocomposite [116].

X-ray scattering is another extensively applied technique, based on the variant
scattering intensity with respect to the incident X-ray beam direction. In the
azimuthal scan (Fig. 1.13(a)), the sample was rotated in order to obtain the intensity
over the full angle range [80]. The sample can be fixed and the scattering intensity at
full angle range can be resolved from the ring pattern if a film detector is employed.
In this case, there are two kinds of broadly-similar techniques [125], namely small-
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angle X-ray scattering (SAXS) (Fig. 1.13(b)) and wide-angle X-ray scattering

(WAXS), with the distance between sample and detector being longer in SAXS.
Consequently, it detects the X-ray scattering at smaller 20 angle thus provides
information at a larger scale [125]. Some of the early works were carried out on
cellulose [117], graphite [118] and clay [119] and the anisotropy of the materials is
clearly reflected by the scattering intensity at different angles, which typically

follows a Gaussian [126, 127] or Lorentzian [80] distribution function.

(b)

Intensity (a.u.)

Thickness, A > 360°

T T
-140 -120 -100 -80 -60 -40

o

Figure 1.13 (a) Azimuthal X-ray scattering intensity o£=26.4+0.4 for a graphene
reinforced PC nanocomposite. The scattered and the smooth curve are the
experimental data and the curve fitting with Lorentzian function, respectively [80].
(b) SAXS patterns obtained edge-on for a hot-pressed clay-based nanocomposite
[128].

Polarized Raman spectroscopy is another powerful technique based on the
anisotropic Raman scattering intensity of the sample with respect to the laser
polarization, particularly useful for carbon materials [1]. So far studies have been

reported on the orientation of isolated CNTs [120, 129] and also in nanocomposites
[130], where the Raman scattering intensity was the maximum/minimum when the
laser polarization was parallel/perpendicular to the axis of the single-wall CNTs (Fig.

1.14). Despite the simple and convenient depolarization ratio [130], a more rigorous
model using the Legendre polynomials to quantify the CNT orientation has been
employed [131, 132]. There are also studies on the orientation of graphite flakes,
which will be discussed in detail in Chapter 2.
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Figure 1.14 Single wall CNT Raman (a) G1 and (b) G2 band intensity as a function
of the angle between CNT axis and the laser ‘VV’ polarization direction [120].

In order to better quantify the filler orientation, theoretical models have been
proposed, among which, the Hermans’ model [117] and Krenchel model [133] have

been extensively used.
1) Hermans’ model

The Hermans’ model was first established on cellulose fibre using X-ray [117],
calculated as the average of the crystal face orientation [134]:

ml2

j | & oddsinddd

<cos2 6?> =-0 (1.12)

ml2

j | @)sinddd

wherel(9) is the X-ray scattering intensity at the azimuthal argland @ is the
orientational angle of the filler. Herein the Hermans’ orientation fdasexpressed
as [117, 134]:

. Qco§9> -1

: (1.13)
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Hermans’ orientation factor enables a quantitative analysis on the orientation of both
1D and 2D fillers [128, 134], and its values for typical situations are summarized in
Table 1.2.

Table 1.2 Values of Hermans’ orientation fadttor typical situations [134].

Parallel to reference 1
Randomly oriented 0
Perpendicular to reference direction -1/2

2) Krenchel model

The Krenchel model is another model based on mechanics analysis, and it initially
dealt with the effect of fibre orientation on the reinforcement of composites [133].
By dividing the fibres into groups (Fig. 1.15(a)), the orientation of all fibres can be
considered as the summation of the mechanical contributions of each group:

M, = a[os' (1.14)

wherey, is the Krenchel orientation factod,is the angle between the fibre group
and the stress direction, anglis the proportion of this group to the entirety. More
generally, the summation can be replaced by integration [133].

$,

Figure 1.15 Fibres aligned (a) in-plane and (b) three-dimensionally in the Krenchel
model analysis [133].
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There are some typical fibre arrangements that have been considered. For example, if
all the fibres are unidirectionally aligned, the Krechel orientation fagtds unity

‘1’; if the fibres are randomly oriented in a 2D plane (Fig.1.15(a)), the corresponding
7o 1S calculated as [133]:

ml2

1 3
o= [ cod cd¢ - (1.15)

-ml2

If the fibres are oriented randomly in bulk, Eq. 1.14 is modified using a 3D sphere
element model to give the correspondigas (Fig. 1.15(b)) [133]:

ml2
1

M, = i co8{ sinddZ =< (1.16)

The values of;, of 1D fibre fillers for these typical situations are summarized in
Table 1.3. For a 2D flake filler, a value of 1 is obtained for the Krenchel orientation
factor for both the unidirectional and in-plane orientation, as those flake fillers can
be regarded as a 1D fibre analogy viewed edge-on. However, for flake filler 3D
randomly orientated in bulk materials, a systematic analysis has not yet been
performed.

Table 1.3 Values of Krenchel orientation facgefor typical situations [133, 135].

1D filler 2D filler
Unidirectiaonal oriented 1 1
In plane oriented 3/8 1
Randomly oriented 1/5 N/A

Since the Krenchel model is based on a mechanics analysis, it is favourable to be
used to directly correlate the filler orientation to composites mechanical properties.
Beyond Hermans’ and Krenchel models, others like the Halpin-Tsai model [64, 65,
136], and the Mori-Tanaka model [116, 135] also provide valuable information
about the orientation of both 1D rod- [137] and 2D flake-like fillers [64, 65, 92].
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The spatial orientation of fillers is affected by filler concentration [128] and
processing method [80], and it can be greatly improved by methods such as vacuum
filtration [69, 70].

1.5 Conclusions

The recent progress on the graphene-based nanocomposites has been reviewed. The
preparation for the nanocomposites can be primarily divided into three groups:
solvent blending,in-situ polymerization and melt blending. To analyze the
reinforcement of the polymer matrix using graphene-based fillers, three main major
aspects from the mechanics point of view have been discussed: interface, aspect ratio
and orientation. It is concluded that better reinforcement of the nanocomposites
along the stress direction can be achieved when the fillers have strong interface with
the polymer matrix, have large lateral dimension, and are unidirectionally aligned
along the stress direction.
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Chapter 2 Raman Spectroscopy of Graphene

2.1 Introduction

Infrared absorption and Raman scattering are the main spectroscopic technologies
that are used widely and complementarily nowadays to detect vibrations in
molecules. Infrared absorption is due to a change of the molecular dipole moment
while Raman scattering results from the change of the polarizability [1].

The early 1920s was a time of interest in the scattering of radiation [2]. The inelastic
scattering of light by molecule was first predicted by Smekal [3] and then observed
by Indian physicist Sir Chandrasekhara V. Raman [4] using crude instrumentation,
where sunlight was the light source and his eyes the detector [5]. Raman scattering is
inherently so weak that approximately one of~II@° photons [1] in the light can be
scattered that it is hard to be detected. This is the reason why Raman spectroscopy
was not widely employed until 1960s, when significant improvement took place on
the components of Raman spectrometer, such as the high power laser excitation
sources and better detection systems [5].

After decades of development, Raman spectroscopy is how a powerful technique to
characterize molecular vibrations, especially for carbon materials [6-8]. It is non-
destructive under low laser power and the sample preparation is simple, and even the
signals from aqueous samples can be detected due to weak Raman vibrations of
water molecule [9]. However, it still suffers from some problems, for example, the

fluorescence background and the degradation of samples under high laser power [2].
2.2 Principle of Raman Scattering

2.2.1 Classical Theory

An incident light beam can be considered as an oscillating electricfi@ida given
time to [5]:
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E= E,co2rwt, (2.1)
wherek, is the vibrational amplitude and is the frequency of the light beam.

If a molecule is placed in this oscillating electric field, the field interacts with the
molecule and distort its charge distribution [10]. It alternates the molecular dipole
momentu and gives rise to the scattering [9]:

U =aE (2.2)

whereo is the molecular polarizability, which measures the ability of a molecule to
be polarized, namely, to response dynamically to the electric field [9]. It is crucial in
the theory of the Raman effect, and the change of size, shape and orientation of the
polarizability ellipsoid can be used to identify if a vibration is Raman-active [5]. For

a small amplitude of vibratiom, can be written as [2, 5]:

Jda
a=q,+| — +... 2.3
0 (aqlq (2.3)

whereagis the polarizability at equilibrium position, angx(cq)o is the change rate
of a« against the molecule nuclear displacemgnwhich is given as [5]:

q= 0,CoL7¥ t, (2.4)

where gop and vy are the vibrational amplitude and frequency of the nuclear,
respectively. Accordingly, substituting Egs. 2.1, 2.3 and 2.4 into EqQ. 2.2:

H=a,Ecom, +2 qu{‘Z—Zj { cobar g, v, o]+ coferm(v, +vy)t.}  (2.5)

The two terms in Eq. 2.5 represent three major scatterings considered here. The first
term denotes the elastic ‘Rayleigh scattering’, which has the same freqy &sgy;
the second term accounts for the ‘Raman scattering’, including the Stokes mode and
anti-Stokes mode, with different vibrational frequengy\vg) and {o+vg) [2, 5]. For
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the Raman scattering to occuafoq)e#0 [5], that is, the change ofis required for
a vibration to be Raman-active [11].

2.2.2 Quantum Theory

The Raman scattering can also be understood in terms of quantum theory, where the
incident lightE is regarded as a beam of photons [10], and its energy is expressed as:

E =hy, (2.6)

wherey is the vibrational frequency and h is the Planck’s constant.

The photons in the light beam interact with the electrons in the molecule. If the
photon energy matches the energy gap between the ground and the exited state of the
molecule, the energy is absorbed to promote the molecule to the excited state [1].
Otherwise it can also excite the molecule to a ‘virtual state’. The virtual state is not
stable and will immediately re-radiate to a lower excited or ground state [5]. Fig. 2.1
shows a brief diagram of the electronic transition of a molecule in terms of the
Rayleigh scattering and Raman scattering.

Electronic State
Virtual State
A

Vibrational State

y Ground State

Resonance

Stokes Rayleigh Anti-Stokes .
Raman Scattering

Figure 2.1 Diagram of the Rayleigh scattering, Raman Stokes mode, Raman anti-
Stokes mode and resonance Raman scattering [1, 5].

According to the ‘conservation of energy’ principle [10]:

E+E=E,+E 2.7)
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whereE;, E,, Ei and E denote the molecular energy before and after scattering, the
incident and scattered photon energy, respectively. Substituting Eq. 2.6, it can be
obtained that:

E-E, Ay,
hc c

w= (2.8)

wherec represents the speed of light, akv denotes the frequency change of the
incident photon and scattered photen.is the corresponding wavenumber shift,
referred to as ‘Raman shift’ (Raman wavenumber), with a uniicaf* but usually
used as crfor simplicity.  can be divided into three groups:

1) w=0, elastic scattering.

This elastic scattering process is called ‘Rayleigh scattering’, where the molecule
absorbs the energy of the photons, excited to the ‘virtual state’ and immediately re-
radiates and backs to the original state. It ends up with both the molecule and the
photon being at the same energy level as before scattering, and no energy transfer

occurs between the two.
2) w+#0, inelastic scattering [1].

>0 means the photon energy decreases after scattering, known as the ‘Stokes
mode’. In this process, after re-radiating, the molecule goes back to excited state
rather than its original ground state (Fig. 2.1). As a result, the molecule absorbs the
energy from the photons.

<0, the photon energy increases after scattering, known as the ‘anti-Stokes mode’.
In this mode, the molecule is originally at the excited state but ends up in the ground
state after energy is transferred from the molecule to the photons.

Generally, the value ab for the Stokes mode and anti-Stokes mode are the same.
However, the intensity of Stokes mode is much higher than that of the anti-Stokes
mode, because of the considerably lower population of molecules in the excited state
than that in the ground state at room temperature [1]. As the temperature increases,
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the population of molecules in the excited state increases, leading to a rise of the
anti-Stokes scattering intensity compared to that of the Stokes scattering [1].

The Raman scattering can also occur in resonance process, where the excitation
overlaps with, or closes to, the electronic transition of a molecule (Fig. 2.1) [5].
Hence the molecule is excited to around a real electronic state rather than a ‘virtual
state’, and causes a significant enhancement of the scattering intensity by a factor of
10° to 16 [12].

2.3 Instrumentation

2.3.1 Raman Spectrometer

Rejection filter Analyser
< > 3
N ——

Grating

Half-wave Charge-coupled device
Plate 2#

Optical microscope

\7
Half-wave

<|> Plate 1# Lens Laser source

e | —H X

Perpendicular
Figure 2.2 Schematic diagram of the Raman spectrometer. The red and the blue line

1
A

represent the incident and scattered radiation, respectively. The arrows represent the
laser propagation directions [10].

Raman spectra were collected using Renishaw 1000/2000 spectrometers equipped
with Olympus BH-2 microscope or Horiba LabRAM HR Evolution Raman
spectrometer. The lasers used were HeNe lase833 nm,Ej.se=1.96 eV) and Ar+

laser = 514 nmE.se=2.41 eV). A schematic diagram of the instrument is shown in
Fig. 2.2. The laser beam was focused on the sample surface using a 50x or 100x
objective lens and the diameter of the laser spot on the sample was estimated to be
around 1~2m. The laser power was less than 1 mW to avoid the local laser heating

[10, 12]. For scanning, generally the exposure time was up to 60s depending on
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different samples and the scanning was accumulated to increase the signal-noise

ratio.

Different polarization configurations are shown in Table 2.1 [10]. The laser
polarization was changed through two half-wave plates and one analyser. The
horizontal direction is defined as V' and represented by ‘//’; the perpendicular
direction is termed ‘H’ and represented by, ‘and ‘N’ means the laser is polarized

in all the directions, represented by% ". In the polarization configuration
abbreviations such as ‘VH’, the first and second letter represents the direction of the
incident and scattered radiation, respectively. ‘In’ or ‘out’ mean the corresponding
optical component is placed into, or taken away from the laser pathway. Commonly
a ‘VN’ configuration was used as stated in each chapter but an analyzer was used for
‘VV' configuration for the orientation study. In the tests, the Raman laser
polarization was always fixed and the samples were rotated on a rotation stage.

Table 2. 1 Different polarization configurations and their corresponding instrumental
settings [10, 12].

VN VV | VH HN HH HV
Incident Radiation Il I Il 1 1 1
Scattered Radiation | > | /1 | 1 | ¥ 1 I
Half-wave Plate 1# In In In Out Out Out
Half-wave Plate 2# Out Out In Out In Out
Analyser Out In In Out In In

2.3.2In-situ Deformation Raman Spectroscopy

The deformation of specimens was carried out by placing a PMMA beam with
specimens on its top into a four-point bending rig (Fig. 2.3). This was placed onto
the optical microscope stage in the Raman spectrometer so the Raman spectra could
be collectedin-situ the deformation of specimen. A resistance strain gauge was
bonded to the specimen surface to measure the surface strain, which can be read
through the resistance by a connected multimeter. The beam was deformed stepwise
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and Raman spectra were collected from the central area of specimen at each strain
level [10]. For the deformation tests, the polarization of the incident laser was kept

parallel to the tensile direction [13].

Figure 2.3 Schematic diagram of (a) the four-point bending rig and (b) the tensile
deformation test [11].

2.3.3 Raman Spectroscopy Data Analysis

Generally the band position and intensity was obtained by fitting the Raman

spectroscopy data using a Lorentzian function [12]:

|, FWHM
(= ag)+ (FWHM)?

(2.9)

| is the intensity of Raman band at any Raman wavenumbandl, is the intensity
of the Raman band at its peak positionn FWHM is the full width at half maximum

of the Raman band.
2.4 Raman Spectroscopy of Graphene and Graphene Oxide

Raman spectroscopy has been proved to be one of most powerful techniques for
charactering carbon materials [6, 10, 14, 15]. The isolation of graphene [16] enables
this one atomic thick building block of graphitic materials to be studied in-depth in
this way on its strain level [17-21], stacking order [22-25], functionalization [26, 27],
doping level [28-30] and crystalline structure [10, 18, 21]. There are three prominent
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bands in the Raman spectrum of graphene, the D band, G band and 2D band (also
termed G’ band) (Fig. 2.4(a)) [14, 15].

Figure 2.4 Raman spectra of (a) graphite, graphene [14] and (b) GO.

The Raman spectrum of graphene oxide (GO) is generally similar to that of graphene
(Fig. 2.4(b)) [26]. However, the strong oxidation breakssfecarbon network and

grafts a large number of functional groups [31]. This destroys the lattice symmetry
and leads to the absence of the 2D band [32], and a broadened D band and G band
with a higher intensity ratio of the D band and G bamrdd) [33-36], making its

Raman spectrum resemble that of amorphous carbon [37]. By restoring its graphitic
structure through reduction of GO, some recovery of the Raman 2D band can be

sometimes observed [32, 38].
2.4.1 Raman G band

The G band, centred around 1580%iis from the first order scattering process (Fig.
2.5(a)). It is associated with the doubly-degenerate (iTO and LO) phonon mgde (E
symmetry) at the Brillouin zone (BZ) centrE point) [6, 7].
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(a) G

band phonon

Figure 2.5 (a) First order process G band. Second order process (b) D band, (c) D’
band and (d) 2D (G’) band [6].

2.4.2 Raman D, D’ and 2D bands

The D band (1300~1400 ¢y D’ band (~1620 cif) and 2D band (2600~2700 &n
are the second order scattering, originating from a double resonance (DR) process
[10] (Figs. 2.5(b), (c) and (d)).

The D band involves one iTO phonon ofgSymmetry and one defect near the BZ

K point [31]. The 2D band is the overtone of D band, resulting from two iTO
phonons with opposite momentum in the highest optical branch ndarpgbmt [14].
Unlike the ‘intervalley’ process of D band connectihgand a nearb¥C’ points, the

DR process for the D’ band [6, 39] is an ‘intravalley’ process, where the scattering
takes place in the circle around the sakeoint [6]. For the D and 2D band,
generally the DR process [14, 40] involves four steps: (a) an electron with a wave
vectork is excited by the incident photon. (b) the electron is inelastically scattered
by a phonon with a momentugto the nearb¥X’ point; (c) the electron is scattered

by a phonon in 2D band (a defect in D band) with a momenrtgrback to the
originalK point; (d) the electron-hole pair recombines [14]. The 2D band consists of
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two inelastic scattering process by phonons, while the D band originates one
inelastic phonon scattering process and one elastic defect scattering process [41, 42].

The D band can be employed to determine the geometry of graphene edges using the
knowledge of crystalline structure that the adjacent edges ideally should have an
angle of a multiple of 30between them (Fig. 2.6(a)) [43-45]. Although ideally the D
band is selectively active at the armchair edges, where only the armchair edge vector
—q is able to scatter electron back to the origihgloint under certain excitation (Fig.
2.6(b)) [43], in reality the nanoscale roughness [45] gives rise to the presence of D
band at almost all edge geometries. The dominant edge geometry can still be
identified, however, using the edge direction dependent D band intensity (Section
2.4.4) [43, 45, 46].

(C) n
O S RS WAL, Sy A et eme e | Five-Layer
o . S T AT T  Four-Layer
E e At e e B e e e
- b L Trilayer
2 50F----------T PV Bilayer
2
K)
s O
=
S 30F
E J-F.'" ~ Single-Layer
-~
2[\

0 20 40 6 80 100 120

Flake counter
Figure 2.6 (a) (1) Armchair and (2) zigzag edge geometry. (b) First Brillouin zone
of graphene, showing the DR process for both edges [43fWtIM;p against the

number of layers of graphene [23].

As no defect is required in the scattering process, the 2D band is allowed in defect-
free graphene samples and its geometry sheds light on the number of graphene layers.
For monolayer graphene the 2D band is very sharp and can be fitted with single
Lorentzian peak with a full width at half maximufM/HMp) less than 30 cth(Fig.

2.6(c)) [6, 23], though slightly larger for less crystallized materials such as graphene
preparedvia CVD [47, 48]. For bi-layer graphene, it consists of four components
with the width of each component being around ~24 (fig. 2.7(a)) [6]. The 2D

band of tri-layer graphene contains fifteen components, however usually six peaks
are used to fit as some of them are overlapped [6]. The shape of the 2D band changes
towards that of graphite for graphene more than 5 layers (Fig. 2.7(a)) [6, 14].
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Figure 2.7 (a) The measured 2D band for 1-layer graphene (1-LG), 2-LG, 3-LG, 4-
LG and HOPG, with the Lorentzian peaks for fitting [6]. (b) Bernal stacking bi-layer
graphene. (c) Twisted bi-layer graphene. (d) The Raman 2D band for monolayer,
Bernal-stacked and twisted bi-layer graphene [24].

It should be noted that the bi-layer graphene described above follows the Bernal
stacking (AB stacking) order, where the centre of the hexagon at one layer
corresponds to one carbon atom in adjacent layers (Fig. 2.7(b)) [6]. Under twisting
(Fig. 2.7(c)), the interaction between the two layers weakens hence the Raman 2D
band resembles that of the monolayer graphene (Fig. 2.7(d)) [24, 49].

Figure 2.8 Dispersion of the Raman (a) D band [45] and (b) 2D band [50].
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The D and 2D bands also show dispersive behaviour. As the excitation energy
increases, the wave vecthkrin the resonance moves away from #epoint that
increases the phonon wave vectp(6]. Due to the extra phonon involved, the
dispersion of the 2D band of ~100 &V [50] is approximately double that of the

D band ~50 criveV (Fig. 2.8) [40, 45, 51].

A high intensity ratio of 2D band and G bamghllc) ~4 (Fig. 2.4(a)) is commonly
regarded as one of the figureprints for monolayer graphene [14]. As defects (edge,
grain boundaries etc.) are required to activate the D bandpAkeratio is usually
employed to quantify the disorder and also the flake size, of graphene [7, 52-54].

2.4.3 Strain in Graphene

Basically when a carbon material is strained, the C-C bonds are distorted, which is
accompanied by a change of bonding energy. The tension/compression
softens/hardens the phonon, shown as the down-/up-shift of the Raman wavenumber
[17-21]. The D, G and 2D band exhibit the similar trend, however, with different
shift rates with strain [55]. This phenomenon has long been observed and used to
monitor the micromechanical deformation of composites [56]. An empirical
calibration has been established to correlate Raman 2D band shift rate to the
Young’s modulus of carbon fibres, with a value of -50~-60/€nstrain/TPa [57].

The isolation of graphene enabled the mechanism to be revealed [16]. There are
many ways to strain graphene such as bending [17-21, 49, 58-65], stretching [66],
depression or bubble pressuring [67-70], hydro compression [71, 72] and so on [73].
At an early stage, Yu et al. [58] and Ni et al. [17] bent a PET substrate with graphene
on top, and found a downshift of the Raman 2D band of graphene under tension with
shift rate being -7.8 cii%, and -27.8 ciV%. It is similar to the value of around -21
cm™/% observed by Huang et al. [18] by stretching the graphene on PDMS substrate,
yet a value around -60 ¢lt% was also found by Tsoukleri et al. [19] by stretching
graphene by bending the PMMA substrate. The later value was confirmed by
Mohiuddin et al. [21] using the knowledge of Gruneisen parameter [74], which is a

measure of the sensitivity of the phonon frequency (Raman band position) to the

56

Distribution A: Approved for public release; distribution is unlimited.



Chapter 2 Raman Spectroscopy of Graphene

change of the crystal unit cell volume (Eq. 2.10 feg tBode G band and Eq. 2.11
for Ayg mode 2D band):

N 1
Aa, ==k, (& +£t)i§ﬁw<°;(€. —&) (2.10)

AC()ZD = _a'é)DVZD (SI + gt) (211)

where y; andy,, are the Gruneisen parameter foy Bhode G band and 14 mode

2D band, respectivelyd denotes the shear potentilf, (Aw,,) andaf (wd,) are

the Raman band position shift and intinial wavenumber of G (2D) band, respectively.

g ande; are the strain in the longitual and transverse directions, respectively.

Figure 2.9 (a) Graphene lattice vibration for G+ and G- mode, respectively. (b) The
Raman G+ and G- band position as function of uniaxial strain. (d) Polar plot of the
intensity of G- (red) and G+ (black) band relative to the incident laser polarization
[21].
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Uniaxial strain forces the phonons of graphene to be parallel and perpendicular to the
strain axis (Figs. 2.9(a) and (b)), splitting the Raman G band to G- and G+ bands
with different shift rate under strain (Fig. 2.9(c)) [21, 59]. This finding was further
utilized to determine the crystallographic orientation of graphene [10, 18, 21]. When
the scattered laser polarization was kept parallel to the strain, variations of the
intensity of G- and G+ bands as the function of the angle between the incident laser
polarization and strain direction clearly showed the crystallographic orientation of
graphene relative to the strain direction (Fig. 2.9(d)) [21].

Splitting of the Raman 2D band under strain has also been observed [60-63], because
it was initially only observed along the high symmetric (zig-zag or armchair)
directions (Fig. 2.10), it was attributed to the inside-loop scattering mechanism [62,
63] instead of the outside loop mechanism [14]. In contrast, it was also suggested
that both the inner and outer process contribute to the splitting [60, 75], and it seems
become more significant under excitation with lower laser energy [60].

Figure 2.10 Splitting of the Raman 2D band for graphene under uniaxial strain along
(a) zigzag (b) armchair directions, where the incident laser polarization was parallel

(red) or perpendicular (blue) to the strain direction [62].

The scattered Raman band position shift rate can be technically assigned to the
different Poisson’s ratio of the substrates [10], or the accuracy of calibration of the
correct strain in graphene. The use of Gruneisen parameter [55] enables the reference
shift rate of different bands under uniaxial [17, 18, 21, 63, 76, 77] and biaxial strain
[67-70, 73], to be estimated. However, Cheng et al. proposed that the value of
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Gruneisen parameter could be a variable that depends on strain level and orientation
of graphene [76].

The stress/strain induced Raman band position shift was further employed to monitor
the micromechanics of graphene-based nanocomposites [78]. Gong et al. [20]
identified the strain distribution of a monolayer graphene, where the strain builds up
from the end of graphene and becomes a plateau in the middle region of graphene
along the strain direction (Fig. 2.11(a)). The good match of the experimental finding
with the well-established shear lag theory [79, 80] validated the continuous
mechanics at this scale. As strain increases, the strain distribution of graphene
becomes non-uniform with some small segments seen [20, 65], indicating a collapse
of the matrix or the interface (Figs. 2.11(b) and (c)). In addition to a complete failure,
a reversible interfacial sliding has been observed on a stretchable PET substrate [66].

Figure 2.11 (a) Strain distribution of monolayer graphene under 0.4 % strain. (b)
Strain distribution of monolayer graphene under 0.6 % strain [20]. (c) Strain
distribution of monolayer graphene when reloading to 0.8 % strain [65]. (d)
Predicted Young’'s modulus of the nanocomposites as the function of the number of
graphene layers for different polymer thickness between graphene flakes [64].
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It has been found [61, 64] that the shift rate of the 2D band becomes less significant
as layer number increase, until reaching an almost-zero value for graphite, due to the
low shear modulus of ~5 GPa between graphene layers [81] that can further lead to a
loss of Bernal stacking of graphene under strain [49]. This is probably the reason
why many of the studies on strained graphite were carried out under compression
rather than tension [72, 82-84]. The finding can also be understood as the poor
interlayer stress transfer and based on the ‘rule of mixtures’, Gong et al. [64]
proposed that the Young’s modulus of the nanocomposites is optimized when
reinforced with bi- or tri-layer graphene (Fig. 2.11(d)). The flexural ridigity under
compression can be significantly enhanced when graphene is embedded, that a
shorter linear correlation of the 2D band position shift with strain was observed,
indicating reduced stability and progressive buckling of the graphene (Fig. 2.12) [59].

Figure 2.12 Raman 2D band position shift under compression for different graphene
flakes, and their corresponding schematic rectangular shell geometries [59].

The previous finding on carbon fibres [56] has also been re-interpreted (Fig. 2.13(a))
based on the Raman studies on graphene and a universal correlation of the G band

position shift with stress was plotted as approximatelg25cm*MPa’ [85]. The G

band was also found to consist of G-, G+ and D’ bands in GO papers, and their shift

rate were used to monitor the deformation mechanics (Figs. 2.13(b), (c) and (d)) [86].
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Figure 2.13 (a) Schematic diagram of the experimental geometries for onion skin
and radial carbon fibre [85]. (b) The Raman G band for GO, fitted with G+, G- and
D’ band. (b) G+ and (c) G- band position as function of strain for as-received and

glutaraldehyde-treated GO papers [86].

Figure 2.14 Strain distribution of graphene under (a) perfect and (b) imperfect stress
transfer. (c) The strain applied to the CVD graphene at the deformation cycles and

the corresponding Raman 2D band position obtained [87].

Many of the theoretical and experimental Raman deformation studies were
undertaken upon single crystal graphene [20, 21, 55, 73]. However for the graphene

grown via the CVD routine, the finite grain or flake size can decrease the stress
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transfer from the matrix to graphene hence lower the band shift rate (Figs. 2.14(a)
and (b)) [87]. Despite of this, the reversible Raman band shifts of CVD graphene still
shows its potential to be used as a strain sensor (Fig. 2.14(c)) [87].

2.4.4 Orientation of Graphene

Apart from the Raman band position of graphene, its intensity also contains
considerable information. According to group theory, the Raman scattering intensity
is given by [88, 89]:

IDZ@WEF (2.12)

where € and & are the unit vectors of incident and scattered radiations, respectively.

a; is the polarizability tensor, and is given for thgy 8ymmetry D band and 2D band
and the kg symmetry G band as [90]:

100
a =0 1 0 (2.13)
00O
1 00 010
Qe »=|0 -1 0| andag ;=100 (2.14)
0O 0O 00O

Accordingly the Raman band intensity is highly dependent on the laser polarization
and graphene crystal orientation, which has been observed for many years on
graphite [7, 91] and carbon nanotubes [92-95]. Models were developed to describe
the orientation of carbon nanotubes [96] and were further adapted [97] to study how
the orientation of carbon nanotubes in composite fibres or films, can be correlated to
their effective Young’'s modulus using the Raman spectroscopy [12, 98, 99].

So far the polarization studies on graphite and graphene can be primarily divided
into two groups (Fig. 2.15):
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1. Graphene planes were rotated along4lais (surface normal) perpendicular to
its plane. The Raman laser was also propagated alo@gatkis (Fig. 2.15(a)).

2. Graphene planes were rotated along ¥hexis that is perpendicular to its
transverse section. The Raman laser was also propagated alotgxise(Fig.
2.15(b)).

Figure 2.15 Schematic diagram of the polarization studies on graphene. Graphene is
rotating along (a) th& axis and (b) th& axis.

2.4.4.1 Graphene In-Plane Rotation

Many of the studies have been undertaken in this way with the Raman laser beam
perpendicular to the graphene planes (Fig. 2.15(a)). Tuinstra et al. [7] firstly reported
on single crystal graphite that the G band intensiy i6 not affected by either the
direction or the polarization of the laser beam. The behaviour has been verified on
monolayer [88, 100] and bilayer [100, 101] strain-free graphene that in the basal
plane, a constant G band intensity is present (Fig. 2.16(a)) [45, 46, 102]. This
constant intensity can be easily understood using the definition of Raman band
intensity [88]. However the lattice symmetry breaks down at the graphene edge, so
an angular dependence lgf (Figs. 2.16(c) and (d)) was observed to be dependent
upon both edge direction [103] and edge geometries [182%. maximum when the

laser polarization is parallel (perpendicular) to armchair (zigzag) edges, as a result of
the unequal contribution of the LO and iTO phonons at different graphene edges
[104].
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Figure 2.16 Polar plot of (4 measured at the basal plane andlgbneasured at
the edge of graphene as the function of the polarization angle [45]. Polar Riatof
the graphene (c) armchair and (d) zigzag edge [102].

Figure 2.17 (a) Dependence lpf as the function of polarization angle under the
‘VV' and ‘VH’ configurations measured at an armchair edge [43]. (b) Polarized
Raman spectra obtained when the relative angle between incident and scattered

radiation changes [88].

Unlike the G band, the D band is ideally absent at the zig-zag edge but present at an
armchair edge [43]. The D band selection rule fails with a rough edge [46] but
becomes clearer as edges smoothen [45]. Generally the angular dependgrate of
graphene edge follows a form tf=cos'y under ‘VV’ polarization (Figs. 2.16(b)),
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and Ip=cosypsin’y using ‘VH' polarization, whereyp is the angle between the
graphene edge and the incident polarization (Fig. 2.17(a)) [45]. The correlation in
‘VV' polarization was further modified tdp= C,+C;cos'p and the value of €C; is
suggested to be an indication of the non-uniformity of the edge. This method was
developed to identify the edge purity of the graphene [44, 105] as well as to follow
the dynamic rearrangement of the graphene edges at high temperature [106].

The Raman 2D band intensity is independent of sample orientation when the incident
and scattered radiation parallel to each other [107], but changes with the angle
between the incident and scattered radiation direction (Fig. 2.17(b)) [88, 100, 101].

2.4.4.2 Graphene Out-of-Plane Rotation

In this circumstance, the Raman laser beam is propagated parallel to the graphene
plane. The first Raman measurements in this case were undertaken by Tuinstra et al.
[7] and Vidano et al. [91] on different kinds of pyrolytic graphite. They found both

Ip andlg were strongest when the incident laser polarization was parallel to the
graphite plane, consistent with their corresponding in-plang afd B4 modes.

Similar behaviour of the Raman D’ and 2D band implied all of the four bands
originate from the in-plane vibration modes [91].

(a)

Angle (Degree)

Figure 2.18 (a) Schematic diagram, (b) SEM image and (c) TEM image of the
structure of a graphite whisker. Dependence of the Raman D band, G band, D’ band
and 2D band intensity as the function of polarization angle under (d) the ‘HV’ and (e)
the ‘VV’ polarization configurations [89].
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More fundamentally, Tan et al. [89] used the Raman polarizability tensors to
calculate the intensity of .5 symmetry mode of the synthesized graphite whisker
(Fig. 2.18) for the ‘VV’ and ‘HV’ polarization configurations, respectively:

Ly =1, Eﬁ cosg,, cod ¢ +sin’ ¢]2 (2.15)

Ly =10 bgs cos s+ cig,( cosp+ sidg)+ codgsin?g| (2.16)

whereg is the angle between the ‘V’ polarization direction and whisker axisp@nd

is the angle between graphite layers and the whisker axis (Fig. B,1i8)the
amplitude. As the laser polarization varied with respect to the graphite whisker axis,
the Raman D band, G band and 2D band intensity changed (Figs. 2.18(d) and (e)) as
predicted (Egs. 2.15 and 2.16) [7, 89].

Figure 2.19 (a) Schematic diagram of polarized Raman spectroscopy for ‘VV’ and
‘VH’ configurations. (b) Dependence & on the polarization angle in the ‘VV’
and ‘VH’ configurations [108].

Similar methods were employed on different types of graphitic materials. Lopez-
Honorato et al. [109] verified this technology by showing a good consistency
between the result of polarized Raman spectroscopy and TEM. Barros et al. [110]
resolved the stacked and turbostratic graphite structure in the wall of graphite foam
based on the different origins of the two sub-bands in the Raman 2D band [111].

Recently the alignment of graphene in graphene paper has been determined (Fig.

66

Distribution A: Approved for public release; distribution is unlimited.



Chapter 2 Raman Spectroscopy of Graphene

2.19) [108, 112] as indicated by the low depolarization ratio deduced from carbon
nanotubes [96].

2.5 Conclusions

Raman spectroscopy has been demonstrated to be a powerful technique to
characterize graphene. It can be used to study the number of layers and disorder of
graphene. Particularly, the Raman bands positions shift when the graphene is
strained, and this phenomenon has been used to monitor the deformation of both
suspended and embedded graphene. Furthermore, the Raman bands intensities show
strong polarization dependence, which has been employed to reveal the
crystallographic orientation and spatial orientation of graphene flakes.
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Chapter 3 The Deformation of Wrinkled Graphene”

3.1 Introduction

The chemical vapour deposition method (CVD) opens a route to grow large size,
continuous and defect-free graphene at low cost [1]. However, the grain boundaries
formed during its formation [2] and wrinkles induced during the transfer process [3,
4] are thought to alter the mechanical stretchability [5] of the CVD graphene. It is
also thought that the presence of wrinkles can affect the deformation of graphene in
shear [6] and the deformation of graphene oxide paper [7]. However, there has been
no systematic experimental study of its effect upon the mechanical response of
graphene.

In this chapter, Raman spectroscopy is employed to monitor the deformation
mechanics of monolayer CVD graphene on a poly(ethylene terephthalate) substrate
(CVD graphene/PET) where the PET film is flat but the microstructure of the CVD
graphene consists of a hexagonal array of islands of flat monolayer graphene
separated by wrinkled material. The observed unusual Raman band behaviours are
attributed to the small size of the graphene caused by the wrinkles. Its deformation
behaviour is modelled by considering the distribution of strain in the graphene
islands and the laser intensity variation within the laser spot. It will demonstrate how
the size of graphene flakes can affect their reinforcement of nanocomposites.

3.2 Experimental

3.2.1 Materials

The mechanically exfoliated graphene was kindly supplied by Prof. K.S. Novoselov,
The University of Manchester. It was made by mechanical cleavage and then
transferred to a PMMA substrate [8].

" This chapter is based on a paper, ‘The Deformation of Wrinkled Graphe®®’,
Nano(2015): DOI: 10.1021/nn507202c.
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The graphene-PET specimen was kindly supplied by Bluestone Global Tech, USA.
It was grown on copper using a conventional methane feedstock and was then

transferred onto PET film.

3.2.2 Characterization

Scanning electron microscope (SEM) images were obtained using a Philips XL30
FEGSEM. The sample surface was coated with gold before analysis. Atomic force
microscope (AFM) images were obtained from the surfaces of the CVD graphene
using a Dimension 3100 AFM (Bruker) in the tapping mode in conjunction with the
‘TESPA' probe (Bruker).

Raman spectra were obtained using Renishaw 1000 spectrometers equipped with an
Argon laser ¥ = 514 nm). For the bending test, the CVD graphene/PET film was
attached to PMMA beam by PMMA solution adhesive. The sample on the PMMA
was deformed in a four-point bending rig, with the strain monitored using a
resistance strain gauge attached to the PMMA beam adjacent to the CVD
graphene/PET. In all cases, the incident laser polarization was kept parallel to the
strain. The simulation of Raman spectra was carried out using Wolfram Mathematica
9.

3.3 Results and Discussion

3.3.1 Size of Graphene Islands

The SEM images in Fig. 3.1(a) of the surface of the CVD graphene/PET show the
network of CVD graphene islands separated by wrinkles with a height of around 20
nm, as revealed by AFM (Figs. 3.1(b) and (d)).
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Figure 3.1 (a) SEM and (b) AFM images of the CVD graphene. (c) The distribution
of the lateral dimensions of the graphene islands. (d) The AFM height profile of the
inset red line in (b) showing the height of the wrinkles.

The wrinkled graphene microstructure resembles those found previously [9, 10], and
is probably forming during the transfer process due to the difference in thermal
coefficients between the graphene and PET substrate [11], which results in the
development of a biaxial compressive field. It bears a strong similarity to the
wrinkled microstructure found for thin films of copper on layered-crystal surfaces,
formed through a mismatch in thermal expansion coefficients [12]. The wrinkles
separate the graphene surface into small isolated islands with their size distribution,
based upon more than 500 measurements, shown in Fig. 3.1(c). It can be seen that
there is a broad distribution of the lateral dimensions of the islands, with a mean

value around 1.Am, but also with some large islands of up ten8in diameter.

3.3.2 Raman Spectroscopy

Raman spectroscopy has been employed to monitor interfacial stress transfer from
the PET substrate to the CVD graphene and the whole CVD graphene/PET film has
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been modelled as a nanocomposite structure [8, 13]. The Raman spectra of the PET
substrate and the CVD graphene/PET are shown in Fig. 3.2. The 2D band at around
2700 cnt (also known as the G’ band) results from two phonons with opposite
momentum in the highest optical branch nearkhgoint [14]. The graphene G band
overlaps partially with the PET band (Fig. 3.2) and so only the 2D band has been
used here for the analysis of stress transfer. The lack of a visible D band suggests the
absence of defects (grain boundaries, etc) even at the wrinkles [2]. An estimate of the
intensity ratio of the 2D band to the G band (after deconvolution from the strong
adjacent PET band), along with a sharp 2D band with a full width at half maximum
around 30 crl, demonstrates that the CVD graphene is essentially a monolayer [14,
15].

The initial position of the 2D band of the CVD graphene on the PET film of 2696.0

+ 2.2 cm® compared with the stress-free value of ~2677" drom mechanically
exfoliated monolayer graphene with 514 nm laser excitation [16] clearly indicates
that graphene on the substrate is in compression. It appears that the graphene islands
are able to support the compressive loads and it is only at the island boundaries that
the compressive load is relieved by wrinkling.

2D Band

Raman Wavenumber (cm™)
2650 2700 2750
S

S

CVD Graphene/PET

Intensity (a.u.)

Intensity

n 1 n
1000 1500 2000 2500 3000
Raman Wavenumber (cm™)

Figure 3.2 Raman spectra of the CVD graphene/PET and neat PET substrate. Inset
shows the experimental data (red circles) and the Lorentzian fitting (blue line) for the
2D band.

The CVD graphene/PET was subjected to tensile deformation and the shift of the

graphene Raman 2D band, fitted with a Lorentzian function, was monitored to
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elucidate the deformation mechanics [17-19]. When the specimen was strained
uniaxially in tension the 2D band position.() downshifted with straie at a rate
dwopl/de = -12.8 cnit/% (Fig. 3.3(a)). At the same time the 2D band broadened with
grain and its full width at half maximumFWHM,p) increased approximately
linearly withe at a rate of dFWHM/de = 9.3 cni/% (Fig. 3.3(b)). The absence of
discontinuities in the data in Fig. 3.3 implies that the interface between the CVD
graphene and the PET film remains intact up to a strain of at least 0.4% [20].

@) - (b)

9.3cm™/%

-12.8 cm™/%

-1
A G, €cm™)

-1
A FWHM, cm™)
B O B, N W A O o N

OI.O Ol.l OI.2 OI.3 OI.4 OI.O Ol.l OI.2 OI.3 OI.4

Strain (%) Strain (%)
Figure 3.3 The variation of (ay2p and (b)FWHM,p under uniaxial strain. The
straight lines are linear fits for both sets of data (mean values of 8 sets of

measurements).

Generally tensile strain induces phonon softening in graphene [18], which can be
estimated using the knowledge of the Grineisen parameter (Chapter 2) [21-23]. For
an ideal flat monolayer of graphene under uniaxial strain [22], the reference 2D band

shift rate (dwp/de)rer is given as:

d
[%jref == gDyzD @-v) (3.1)

wheread is the w,, at zero strainy,p is the Gruineisen parameter for 2D band, and

v is the Poisson’s ratio of the substrate. As reported recently [24], the value of
(dawop/de)res is dependent on the Poisson’s ratio of the matrix. In this studyp if
=3.55 andv =0.35 is taken for PET [22], the value of (gdel)s is estimated to be
around -60 crit/% for flat monolayer on PET substrate, similar to the experimental
value [22]. Additionally, the reference 2D band broadening rate with
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((dFWHMyp/de)rep) is found experimentally to bgl2 cmi*/% using the 514 nm laser
excitation [18]. That is to say, when the monolayer graphene on PET substrate is
fully stretched to a strain of 1%;.p downshifts by 60 cihwhile at the same time
FWHM,p increases by 12 ch Hence, in present study (Fig. 3.3), the measured
value of 2D band shift dg/de is less than 25% of (de/de)rer, While the broadening

rate dFWHMp/de is nearly 75% of that of (dFWHM/ de)er [18, 22, 25, 26]. It will

now be demonstrated that the low band shift ratefits and higher-than-expected
rate of broadening dFWHM/de during deformation are both the result of the
graphene monolayer being wrinkled.

3.3.3 Measurement of Laser Spot Size

Because of the comparable size of the graphene island to the Raman laser spot, it is
also necessary to consider the effect of laser spot size [27]. It can be assumed that the
laser intensityi(r) within the spot of a Gaussian laser beam follows the Gaussian
distribution [28]:

| ¢ )= ex;{— 2 Brrizj (3.2)

wherer is the distance to the laser spot centre,ranglthe radius of the laser beam,
defined as the radius of the plane whi® decreases to Flef its maximum value.
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Figure 3.4 (a) Schematic diagram of the method used to measure the laser spot size.
(b) Variation ofl.p when the laser beam is moving across a well-defined graphene
edge.

The spot size of the Gaussian beam laser [28] was estimated by moving the laser
spot inwards from outside a mechanical exfoliated monolayer graphene towards its
centre (Fig. 3.4(a)), and the 2D band intensitycan be fitted as the function of
laser positiorx (Fig. 3.4(b)) [27]:

o = \/%TArO[H erf[@ﬁ (3.3)

wherex, is the graphene edge location @ the amplitude. For spectra for which
the 2D band was not resolvablg, was set as zero. By fittingp with Eq. 3.3, the
radius of the laser beamis obtained as ~0.,/m. Thus the effective diameter of the
laser spot size is estimated to be M [29], similar to the size of the graphene
islands.

3.3.4 Modelling

In order to model this deformation behaviour, it has been assumed that the
microstructure of the graphene consists of a series of graphene islands bonded to the
PET substrate, averaging Juth in diameter, separated by wrinkles that do not allow

the transfer of stress between the isolated islands as shown in Fig. 3.5(a). Hence, in
each individual island the axial strain will build up from zero at the wrinkles to
become a maximum in the middle of the island. The exact form of the strain
distribution will depend upon the size of the island and the efficiency of stress
transfer from the underlying PET substrate.
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Figure 3.5 Schematic diagram of (a) the proposed stress transfer mechHangsm (
the length of the-crystallite and_. the critical transfer length) (Courtesy of Prof. C.
Galiotis, FORTH/ ICE-HT), (b) the strips in the graphene islands and (c) the

corresponding elementary units.

It is then assumed that the ~1u® diameter graphene islands can be modelled as 12
strips of ~0.1um wide mechanically-independent graphene nanoribbons lying
parallel to the direction of tensile stress (Fig. 3.5(b)). Furthermore, it is assumed that
the strain distributions in each nanoribbon can be estimated using ‘shear-lag theory’
as has been done earlier for exfoliated graphene flakes subjected to deformation on a
polymer substrate [8, 30]. Considering the size of the wrinkles, it is reasonable to
assume that most of the laser spot intensity (~90 %) is within the graphene island.
Also it is assumed there is no mechanical contribution from the wrinkle networks as
it detaches from the substrate. Hence in order to calculate the spatial distribution of
local strain and laser beam intensity, each strip is further divided intqurrOstjuare
elementary units with their coordinates given by the longitudinabd transverse

(T) position parameters, where €& < 6) and (-& T < 6) (Fig. 3.5(c)).
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We now consider how stress transfer takes place from the PET substrate to graphene
nanoribbon. It was shown using shear-lag theory [30, 31] that for an exfoliated
monolayer graphene flake deformed on a polymer substrate, the strain in the
graphene should be zero near the edges and increase towards the centre of the flake
such that [8]:

X
cosr(nslj
E = |1-————= 3.4
f =€ {nsj (3.4)
cosh —
2
t
wheren = ECh (3.5
Egra tm

whereen, is the matrix strain ane is the real strain of graphene as a function of
longitudinal positiorx along the stress direction. In this calse the length of the
graphene nanoribbon along the stress direcanandEgy, are the shear modulus of

the matrix and the Young’s modulus of graphene, respectitg@iyandt., are the
thickness of graphene and the elementary matrix, respectively.sAlsd/ty,) is

defined as the nanoribbon aspect ratio. The paramstisrgenerally accepted to be

a measure of stress transfer efficiency, being higher for better stress transfer
efficiency, and also increasing proportionally with the size of the monolayer
graphene flake or nanoribbon [8]. This theory implies a non-uniform strain in the
graphene nanoribbons (and therefore the graphene islands) along the direction of
axial stress, particularly when the nanoribbon is smaller than the ‘critical ldngth’
(twice of the distance it needs for strain to increase to the plateau value) [8]. This
model of graphene islands isolated mechanically by wrinkles is analogous to the case
of short fibre reinforcement in composites where there is no stress transfer across the
fibre ends [32].

The value ohsis proportional to the length of the graphene nanoribl{smcesl]!)
thus bottnsandl should be the function of the transverse position paranmetag.
3.5(c)), i.e. 691 andly. Typically, the value ofis is taken to be of the order of 2 for
a graphene nanoribbon Lui#n (T = £1) along the stress direction [8]. It may also
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vary with the efficiency of stress transfer between the substrate and graphene as will
be discussed later. Due to the symmetry of the strain and laser spot intensity
distributions, only the units with positions &L < 6, 1< T < 6) have been
considered here, and the distance between each unit (Fig. 3.5(c)) is calculated
through the unit centre (i.e. the distance of usd)(to the island centre is calculated

as 0.1*5-0.05=0.4m). Based on this, Eq. 3.4 can be modified to determine the
strain in each individual unit(L,T) in Fig. 3.5(c) as:

cosv{(r:S)T (0a- o.os)j
e(LT)=¢,|1- U (3.6)

COS}‘{(n;)Tj

Similarly, the local laser intensity at unit,T), liase{L, T) IS given by modification of
Eg. 3.2 as:

LT ex{_ ,{ oL~ 0o¥ +2( 0T - 0.05)2} 3.7)
r.O

In order to simulate the effect of deformation of the CVD graphene/PET upon the
shift of the graphene 2D Raman band, however, both the non-uniform strain in the
islands and any local variation in laser spot intensity have been taken into account.
Fig. 3.6(a) shows the predicted strain distribution within a ~in? diameter
graphene island for a PET substrate strain of 0.4%. It can be seen that the strain is
zero at the edges of the island and increases to a maximum of only 0.14% in the
centre of the island. This demonstrates clearly that the presence of the wrinkles
reduces the efficiency of stress transfer to the graphene monolayer. Fig. 3.6(b) shows

the intensity distribution within the laser spot calculated using Eq. 3.7.
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Figure 3.6 (a) Strain distribution in one island and (b) intensity distribution in the

laser spot.

The 2D Raman band intensity collected from a ubjf) (Fig. 3.5(c)) may be
represented in the form of a Lorentzian functign,L,T) [33]:

FWHM /2
(@, LT) O 3.8
@LT) (- a5 F +(FWHM 12)? 59

wherew,,t is the position of the simulated band &WHM is its full width at half
maximum. As constant band intensity persists even though the band position shifts
so the maximum band intensity at,r is normalized to be unity by a factor of
FWHM/2, without affecting its other band parameters. Combining Egs. 3.6, 3.7 and
3.8, the normalized intensity distribution for the 2D Raman band under strain for

each unit I, T) in the graphene island may be given as:

dFWHM ’
FWHM_+&(LT) —— = | |/2
dE ref

(o, LT)= . 2
- e e | |+l pwim +e @ VML) )5
Q{’T r , d£ ref ® r , d£ ref
Strair
_ 2 _ 2
exp{—Z( of- 003 +2( 0. - 005) } (3.9)

r‘0

Intensity
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This equation takes into account both the local strain in the unit and the local
intensity of the laser spot. The 2D Raman band collected in the whole liglafd)
can then be determined as the summation of the contribution of all the elementary

units ,T) in the island:

6

(@)= 2D 1w, LT) (3.10)

6
T=1 L=1

For strain-free graphene, all the,rare taken as zero for simplicity, aRUVHMp is

taken as the average value for a graphene monolayer flake of 2[34nB35]. The

ideal values from exfoliated flat graphene flakes of,{dde)er= -60 cm'/% (Eq. 3.1)

and (FWHMup/de)ret = 12 ¢cm'/% can be used for 514 nm laser excitation, assuming
aperfect interfacial adhesion within the graphene island [18]. As mentioned earlier, a
typical value ofns=2 is used for a monolayer graphene of lengthyb?along the

stress direction. The Raman 2D band for whole graphene island calculated using Egs.
3.9 and 3.10 is shown in Fig. 3.7.

Intensity

-60 . -40 . -20 . 0 4 . 20 . 40
A W, €m-)
Figure 3.7 Simulated shift of Raman 2D band for each unit (1< 6, 1< T < 6,
blue curves) and the integrated 2D band for the whole graphene island (red curve).

Consequently, the unusual band shift and broadening behaviour of the wrinkled
graphene can be determined from the summation of the Raman scattering from the
different elementary units under strain. The lower rate of band shift per unit strain is
the result of the small size of the graphene islands limiting the maximum strain and

the non-uniform strain distribution causing more band broadening than would
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otherwise be expected. These effects are not found in larger flat graphene flakes
since the strain in them is reasonably uniform, except at the edges [8, 17, 18].

In reality, the value ohs will vary depending upon the quality of interfacial stress
transfer. With poor interfacial stress transfer, ne@alue will be lower, leading to a

less strained graphene island and a lower maximum strain at the island centre. This
less-strained graphene also results in different values of measuggftledand
dFWHMp/de. In this case, the variation ety and FWHM,p are predicted based on
Egs. 3.9 and 3.10 using sets w$ values corresponding to different levels of
interfacial adhesion (Fig. 3.8). It can be seen that both sets of experimental data fall
close to the line fons= 2 and 3, demonstrating that the stress transfer between the
PET and the CVD graphene within the graphene island is fairly good, and
comparable to the interface between exfoliated graphene and SU8/poly(methyl
methacrylate) [8].

7 -
0 | P e =
SN sf (b) o e
MRT S T ns=1 v
) L s’
3 N \\.& X %\ 5 Ins=3
N ] el . .
W N - ; 4 Piie
< SN ns=2| § .
- N L s 4l .
S 6 N AN ]
= N, '~ = L _—-4nhs=2
] N NS T 2 ¢ -
3 . ns=3 = -
< . o 1
N
9t N g ol edte_ ._L——mmmm ns=1
“« L
(a-) ns=4 b
_12 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.3 0.4 0.5
Strain (%) Strain (%)

Figure 3.8 Predicted variation of (@»p (b) FWHM,p as the function of strain for
different ns values (used in Eq. 3.9 (coloured lines). The data points are the
experimental results from Fig. 3.3.

The data in Fig. 3.8 have been modelled assuming that the graphene islands and laser
spots are approximately concentric. In reality, the Raman laser spot could be centred
at any position relative to the graphene islands, either at their centre, on their edges
(Fig. 3.9) or at any intermediate position. This behaviour has also been modelled
where the laser spot is approximated to a square and Fig. 3.9 shows the situation
where the laser spot is centred at the wrinkles. The overlapped region of graphene

islands and laser spot contributes to the calculated Raman spectra, and only the
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region marked by dashed red lines was taken into calculation due to its symmetrical

geometry.

Figure 3.9 Schematic diagram of the laser spot being centred at the wrinkles (the
gap) between the graphene islands (black squares). The overlapped region of
graphene islands and laser spot (green square) contributes to the calculated Raman

spectra.
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5F - - - Nonconcentric (ns = 2)
Concentric (ns=3)

r - - —Nonconcentric (ns=3)

I
———

Concentric (ns = 2)

-1
A G, (cm?)

& &
——

'
~
T

- — = Nonconcentric (ns = 2)
Concentric (ns=3)
- = = Nonconcentric (ns=3)

1 1

-1
A FWHM, (cm™)

0.0 0.1 0.2
Strain (%)

0.3

0.1 0.2 0.3 0.4
Strain (%)

Figure 3.10 Predicted variation of (a»p (b) FWHM,p as the function of strain

when graphene island and laser spot are concentric (solid lines) and nonconcentric

(dashed lines), with ams value of 2 (red lines) and 3 (blue lines). Black squares are

the experimental results.

The variation otvop andFWHM,p with strain for either the laser beam centred in the

middle of the graphene island or at the edges have been calculated (Fig. 3.10), again
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usingns values of 2 and 3. It can be seen that the predicted variatiang @ind
FWHM,p with strain vary significantly with the position of the laser spot.
Nevertheless, it is possible to fit the simulated lines to the experimental data by
choosing appropriates values for any laser spot position. The fact that both the
band shift and band broadening data can be fitted using the same vatigivds
confidence in the validity of the model.

Finally, it is worth considering the effect of wrinkles upon the ability of graphene to
reinforce nanocomposites. To a first approximation, the effective Young’s modulus
of the graphene scales with the Raman band shift rate per unit strain (Chapter 7) [36].
Hence the band shift rate of the wrinkled graphene, being less than 25% of that of
flat exfoliated material, implies that it will have an effective Young's modulus of
only around 250 GPa, as opposedid Pa for flat graphene [37]. This can also be

understood using the knowledge of size fagtaliscussed in Chapter 1:

%)
tann —
—1- 2 (3.11)

ns

2

T

The value oins in the study is between 2 and 3, substituting these values into Eq.
3.11 gives the value of to be around 0.24~0.4, implying a low mechanical

reinforcement efficiency.

In this present study, however, the graphene has only one interface with the polymer
substrate whereas there would be two for wrinkled graphene fully embedded in a
polymer matrix. This should give better stress transfer and a higher effective
Young’'s modulus. The results on the simply supported graphene show clearly that it
is of extreme importance to take wrinkles into account in future studies of the

mechanics of reinforcement of nanocomposites by graphene [38].

3.4 Conclusions

The deformation of wrinkled CVD graphene on PET substrate has been monitored

through the use of Raman spectroscopy. It has been demonstrated that the unusual
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Raman band shift behaviour observed is a result of the graphene microstructure, with
mechanically-isolated graphene island of a comparable size to the Raman laser spot.
By deconvoluting the Raman spectra obtained from the graphene networks, a model
has been proposed to take account both the non-uniformity of local strain in the
graphene microstructure and the intensity distribution in the laser spot. The good fit
between the experimental data and the prediction confirms the appropriateness of
this model, validating the use of this technique in estimating the effect of defects
such as wrinkles on the performance of graphene-based devices. It also implies that
when the characteristic dimensions of the microstructural units are of similar size to
the spatial resolution of the Raman spectrometer laser spot, the conventional analysis
has to be corrected to take into account both the structural non-uniformity and the

resolution of the laser beam.
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Chapter 4 Deformation of Monolayer Graphene Oxide

4.1 Introduction

Due to its high surface area, high strength as well as the multifunctionality, graphene
is clearly a strong candidate as the nano-filler in polymer nanocomposites [1]. It is
hard to disperse homogeneously in a polymer matrix because it tends to
re-agglomerate and its chemically inert surface may be incompatible with the matrix.
In contrast, its derivative, graphene oxide (GO), facilitates dispersion remarkably
because of the function groups on its basal plane [2], but, sacrifices its intrinsic
stiffness by a factor of ~4 [3]. Hence, it is a compromise to balance the loss of the
interfacial adhesion for graphene with the loss of intrinsic stiffness, like GO and

reduced GO (rGO).

The mechanics of graphene has been extensively studied, both freestanding [4] and
in nanocomposites [1, 5, 6]. It was shown by using the strain sensitive Raman band
position [7-9] that in microscale the deformation of graphene still follows continuum
mechanics, and the interfacial shear stress with the polymer matrix to be the order of
2 MPa [6, 10]. For multilayer graphene, its reinforcement efficiency deteriorates as a
result of the poor interlayer stress transfer [11, 12], which further causes a loss of the
Bernal stacking of the graphene [13].

The deformation behaviour of GO has been studied which revealed a Young’s
modulus of ~250 GPa for monolayer GO [3]. The observed constant Young's
modulus of the GO membranes with different number of GO layers perhaps suggests
the interlayer sliding or delamination of GO multilayers is less likely to occur than
that of graphene [3, 13]. The deformation mechanisms of GO-based nanocomposites
and paper have also been studied [2, 14-17]. Based on continuum mechanics, a
computer simulation estimated a maximum interfacial shear stress up to more than
130 MPa at rGO edges with a flake size of ~30 um [18], suggesting a higher
interfacial interaction of GO to a matrix than that of graphene [6, 10]. This can be

further optimized by modifying the structural and chemical composition [19],
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increasing flake size [20] and even the incorporation of water molecules [21].
However, the deformation of monolayer GO still has not been experimentally
observed.

In this chapter, the Raman D band positi@g)(is found to shift as the function of
strain e. The D band shift rate with strain (gtde) is used to follow the strain
distribution of the deformed monolayer GO flake, which shows an almost constant
strain across the flake but with a sharp drop near the edge. This phenomenon implies
a better stress transfer efficiency of GO than that of graphene. This work presents a
fundamental and general method to estimate and investigate the deformation
mechanics of monolayer GO.

4.2 Experimental

4.2.1 Materials

The graphite (Grade 2369) was supplied by Graphexel Ltd. All other reagents were
of analytical grade and used without further purification.

4.2.2 Preparation

The GO was prepared using the modified Hummers method [22, 23]. Briefly, 3 g of
graphite was added to 70 ml of concentrated sulfuric acid while stirring at room
temperature. The mixture system was then cooled’® When 1.5 g sodium nitrate
was added. While stirring, 9 g of potassium permanganate was added slowly, to
avoid a rapid temperature rise. The mixture was then placed inté@ water bath

for 0.5 h, followed by the addition of 140 ml of water and it was stirred for another
15 min. An additional 500 ml water and 20 ml of 6 % w/yOk were added
subsequently after which the colour of the mixture turned from brown to yellow. The
mixture was then washed repeatedly with 250 ml of 1:10 HCI aqueous solution and
centrifuged 3 times. Following this, the mixture was repeatedly washed with water
and centrifuged until the pH was approximately 7. Finally, the GO was dispersed in
water and diluted to < 10mg/ml and deposited onto poly(methyl methacrylate)

(PMMA) beam and Si@substrate followed by drying under ambient condition, for
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Raman spectroscopy and scanning electron microscope (SEM), respectively. Prior to
GO deposition, the PMMA beam and Si€ubstrate were treated by UV-Ozone for
20 mins to make it more hydrophilic, facilitating the spreading of the solution drop.

4.2.3 Characterization

X-ray diffraction (XRD) was carried out on dried GO powder using an X'Pert
DY609 X-Ray diffractometer (Philips) with a CuxKadiation source\(= 1.542A).
Optical images of the GO flakes were obtained using an Olympus BH Microscope.
Atomic force microscope (AFM) images were obtained using a Dimension 3100
AFM (Bruker) in the tapping mode in conjunction with the ‘TESPA’ probe (Bruker).
SEM images were obtained using a Philips XL30 FEGSEM.

Raman spectra were obtained using Renishaw 1000/2000 spectrometers and Horiba
LabRAM HR Evolution equipped with a HeNe laskér« 633 nm) with a laser spot

size around 1~2 um. The incident laser polarization was parallel to the strain while
the scattered radiation was randomly polarized. The specimens were bended by a
four-point bending rig, and the strain was measured by strain gauge. The Raman

band was fitted using a Lorentzian function [24].
4.3 Results and Discussion

4.3.1 Microstructure of the GO Flakes

Intensity

GO

4 6 8§ 10 12 14 16 18 20 22

20(°)

Figure 4.1 XRD pattern of the GO powder.
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In the XRD patterns (Fig. 4.1), the characteristic peak of the GO at 20.5°
corresponds to an interlayer spacing of 0.84 nm, in good agreement with the reported

value [14].

Fig. 4.2(a) shows the SEM images of the GO flakes on SiOstrate. It can be seen
that the GO flakes have irregular geometries. Their size is broadly distributed but
with an average value of ~14.8%, as indicated in (Fig. 4.2(b)) by measuring each

flake in two different directions.

Figure 4.2 (a) SEM image and (b) lateral dimension distribution of the GO flakes.

An optical microscope and an AFM were used to identify monolayer GO, for
example, GO flake #1 (Fig. 4.3). The optical image is in fact poorly resolved but a
change of contrast at the GO edge is still visible, as highlighted in Fig. 4.3(a). Its
geometry is much more clearly revealed by the AFM image (Fig. 4.3(e)), and it can
be seen that the GO flake has a large lateral size, and is generally flat but with some
wrinkles at its edge. The damage of the AFM tip to the GO flake was also studied by
scanning repeatedly over a small area followed by a global scan on the whole flake
(Fig. 4.3(b), (c), (d) and (e)). The almost identical height profiles (Fig. 4.3(f)) over
the dashed white lines in Fig. 4.3(b), (c), (d) and (e) obtained in each cycling scan
imply that the tapping mode AFM scan induces no damage and the structure of the
GO flake remains intact. Additionally, those height profiles clearly demonstrate the
monolayer feature of the GO flake with the thickness of the order of 1 nm (Fig.
4.3(f) [25].
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Figure 4.3 (a) Optical image of the monolayer GO #1. AFM images of thé, (@)1

2" (d) 39 cycle of the local area of the GO flake and (e) the overall s¢atinié)

over the whole GO flake. (f) Height profiles along the dashed lines in (b), (c), (d)
and (e), respectively. The surface of GO flake and the PMMA substrate underneath

are highlighted with the dashed red lines.

4.3.2 Deformation of Monolayer GO

The Raman spectroscopy deformation analysis was undertaken on monolayer GO
flake #2, as indicated in Fig. 4.4. It had a lateral dimension size of ovem50
which ensures the complete interfacial stress transfer from the substrate to the flake

as has been found for graphene [6, 10].
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Figure 4.4 (a) Optical and (b) AFM images of the monolayer GO flake #2, where
points 1&2 are indicated. (c) Height scan along the dashed lines in (b). The surface
of GO flake and the PMMA substrate underneath are highlighted with the dashed red

lines.

To avoid the Raman laser induced heat reduction [26-28] or photoreduction [29] of
the GO flake, a laser with a long wavelengthG33 nm) was chosen, because GO
has the absorption peak near ~250 nm [27]. A low laser power was chosen around
~10 uW, which is sufficiently weak to avoid the local laser heating, as indicated by
the constant value of the intensity ratio of D band and G Hard)((discussed later)

[30, 31]. It has been suggested by finite element analysis that the monolayer GO is
not easy to be burnt off since its insufficient absorption keeps the local temperature
at low level [27].

The Raman spectrum of the monolayer GO flake #2 is shown in Fig. 4.5(a), where
the most prominent bands are the G band and D band. The G band located at ~1600
cm?, is due to the doubly degenerated zone centgentode [32]. The D band,
centred ~1330 cih results from the< point phonons of £y symmetry [33]. The
broadened D band and G band compared to that of graphene [34], is possibly due to
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the loss of lattice symmetry as a result of the breaking down o$gthearbon
networks in pristine graphene by the strong oxidation [33, 35]. Hence it implies a
higher degree of disorder [30, 36], making the Raman spectrum of GO resembles
that of the amorphous carbon [37]. Empirically the valuépd can be used as a
measure of the degree of disorder of GO [30, 31]. The small band around 1450 cm
is from the PMMA substrate. However, unlike the Raman spectrum of graphene
shown in Fig. 3.2, the scattered data points in Fig. 4.5(a) are a result of the damaged
graphene hexagonal lattice that leads to a loss of the resonance Raman scattering.

(@)
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PMMA
G Band
2
/
c
2
£
1 n 1 n 1 n 1 n 1 n 1
1200 1300 1400 1500 1600 1700
Raman Wavenumber (cm™)
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Raman spectrum
—— Curve fitting
2
‘®
c
b
£
1 % strain
Raman spectrum
—— Curve fitting
1 n 1 n 1

1 n
1250 1300 1350 1400
Raman Wavenumber (cm™)

Figure 4.5 (a) Raman spectrum of the GO flake #2 on PMMA. (b) Normalized
Raman D band of point 2 of the GO flake #2 before and after deformed to 1.0 %
strain. The baselines have been subtracted.

As reported previously, the Raman bands downshift as graphene is stretched [9] as a
result of the elongation of the C-C bonds [38]. Analyses based on 2D band and G
band have been extensively performed on graphene, and their corresponding
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reference shift rates were estimated to be ~ -6&/%mand -30 cri/% using the
knowledge of Griineisen parameter [9, 39]. However, due to the broadened 2D band
(Chapter 2) and the asymmetric G band in GO involving three bands [17], the
Raman D band was employed here, and typical Raman D band of point 2 in (Fig.
4.4(b)) before and after deformed to 1.0 % strain are shown in Fig. 4.5(b), and a
downshift of the D band can be seen. In detaildp®f two individual points in Fig.
4.4(b) as the function of strain was monitored to follow the deformation of the GO
flake in-situ (Fig. 4.6). Both of the points were in the central region of the GO flake
to ensure a good stress transfer [6].
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Figure 4.6 wp as the function of strain for (a) point 1 and (b) point 2 for GO flake #2

in Fig. 4.4(b). The inset in (b) is thg'ls ratio for the first three scans of point 2 at 0 %
strain.
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For point 1 (Fig. 4.6(a)), thep clearly showed a linear downshift as the GO was
deformed to 0.4% strain with a e of -11.6 cn/%, indicating the stretching of

the C-C bonds [38] as a result of the stress transfer from the substrate to GO. When
the sample was unloadedp went back to its original position, implying good
interfacial adhesion hence an intact interface between the GO and substrate [6]. This
reversible behaviour as well demonstrates the variationo®fis due to the
deformation of GO rather than laser induced heating.

For point 2 (Fig. 4.6(b)), it was scanned three times when it was strain-free, and the
constant value difp/lg implies the absence of reduction induced by the laser heating
[30, 31]. Similar to the behaviour for point &y downshifted with a de/de of -9.9

cm/% as the specimen was deformed to a strain of 0.3~ 0.4%, but tidedw
decreased as the strain further increased. This commonly corresponds to an interface
failure [5, 6], however when the sample was unloadedpthapshifted back to the
original position, and this reversible behaviour is in contrast of what has been
reported for a failed interface. The possible reasons are discussed later.

For both points, the dside in the elastic region is comparable to each other, with an
average value of -10.8+1.2 6. According to the knowledge of Griineisen
paameter [9, 38, 40], it has been demonstrated that for an ideal graphene crystal,
dwp/de under uniaxial tensile strain should be given as [9, 39]:

=-ap ), A-V) (4.1)

where «f is the a, at zero strainyp is the Gruineisen parameter for the D bandand

is the Poisson’s ratio of either the substrate or the graphene itself. Based on Eq. 4.1,
if yp =3.55 is used here [9], andis taken as 0.35 for the PMMA substrate [41], the
dwo/de for supported graphene is given to be around -3&/%nj9]. Meanwhile ifv

is taken as 0.15 for monolayer graphene [42], thg/dt: for freestanding graphene

is derived as ~ -40 ch%. According to this, the measuredgide (-10.8 cni/%)

can be converted to be about -14.1%¥h for freestanding GO. Nevertheless this
value is just 1/3~1/2 of the value for freestanding graphene (-40%nf9, 39]. It is
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noticed that thexf obtained for the two points vary, and this can be due to the local

waviness or residue strain of the GO flake [43].

There are two major reasons for the 2/3 decrease gdddaFirstly, the GO flake

was just deposited onto the surface of the PMMA beam without any further chemical
treatment. As a result, after the water evaporated, there is no direct chemical bonding
between the GO flake and the PMMA beam. Secondly, as the structural distortion
decreases the modulus of GO by a factor of 2 [44], it is proposed that the structural
distortion also causes a decrease af/dey similar to its effect on the modulus. This

is understandable in that the introduction of functional groups as well as defects
causesp’ hybridization of carbon atoms and wrinkles [19, 45], hence GO is actually
not perfectly flat but wrinkled and puckered showing a zig-zag geometry [46]. This
results in a distorted basal plane with lower stiffness [45], and also less elongated C-
C bonds under tensile deformation and thus a lowey/dicwBased on this, the
reason for the reversible softening behaviour in Fig. 4.6(b) can be interpreted to be,
instead of the interface failure, the flattening of puckered GO region that partially
comprises the deformation of the C-C bonds, similar to the observed change of
lattice parameter during deformation [46].

4.3.3 Deformation Mechanics of Monolayer GO

The deformation test has been again carried out on the GO flake #3, which also
possesses a large dimensional size (Fig. 4.7(a)). The height profile (Fig. 4.7(b)) of
the dashed white line in Fig. 4.7(a) indicates the monolayer GO is of the order of ~ 1
nm thick [25], and the point in Fig. 4.7(a) indicates where the Raman spectroscopy
was conducted to monitor the deformation. As shown in Fig. 4.7(cpshagain
downshifted as the GO flake was deformed, with a similap/de» value of
around -9.2 ciV%.
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Figure 4.7 (a) AFM image of the GO flake #3. (b) Height profile along the dashed
white line in (a). (C)wp as the function of strain of 2~3 measurements obtained on
the point highlighted in (a).

As wp downshifted linearly with the strain, it has been used to monitor the
deformation of this GO flake near its edge along the dashed white line in Fig. 4.7(a).
Five points near the edge were followed at the strain of 0 % and 0.4 %, with the step
between each point beinguin (Fig. 4.8), and the values @ obtained have been
converted to strain based on the linear fit in Fig. 4.7(c). It can be seen that without
deformation, the strain from the GO edge to the central flake stayed around zero.
When the GO flake was deformed to 0.4 %, the strain in the central region of the

flake increased, however the strain at the edge still remained almost zero.
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Figure 4.8 The strain distribution from the edge of the GO flake. Each point was

averaged by two measurements.
103

Distribution A: Approved for public release; distribution is unlimited.



Chapter 4 Deformation of Monolayer Graphene Oxide

This phenomenon indicates that the GO flake may also obey continuum mechanics,
and it can be interpreted as the non-uniform strain distribution across the GO flake
using the ‘shear-lag’ analysis [47], which has already been observed on graphene [5,
6]. As discussed in Chapter 1, the real steafrom the flake edge can be given as:

ol i)

£ =€ |1- (4.2)
ns
cosh—
2
t
where n= 25y [ teo (4.3)
EGO tm

em IS the matrix strain (=0.4 %)so andty, are the thickness of GO and elementary
matrix, respectivelyl is the size of the flake (~ 3Bn in Fig. 4.7(a)) and(=l/tco) is

its aspect ratioEgo is the Young’s modulus of GO ar@l, is the shear modulus of

the matrix.x is the position along the dashed white line in Fig. 4.7(a) starting from
the GO edge, The value of the tema can be taken as a measure of the stress
transfer efficiency [6], thus by choosing different valuea®t; can be estimated as

the function of the lateral positiot Here two different values ofs (50 and 100) are

used to fit the obtained strain distribution across the GO edge (Fig. 4.8). It can be
seen that thas value in this range fits in the obtained strain, though the data points
are scattered. Thiss value is higher than that obtained on monolayer graphene [6],
demonstrating a stronger interface for GO [48]. The strain drops sharply at the GO
edge, from which the ‘critical length’ (Chapter 1) can be estimated asn-Bwer

than that of pristine graphene, again implies better stress transfer efficiency in this
situation [6, 10]. It should be pointed out, however, that the real value of ‘critical
length’ may be even smaller, but due to the resolution of the Raman laser spot
(around 1~2um, as discussed in Chapter 3), and the poorly resolved GO edge.
Further effort is still in need for a clearer observation of the strain distribution from
the edge of a deformed GO flake.
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4.4 Conclusions

This work presents a method to monitor the deformation mechanics of monolayer
GO using Raman spectroscopy. It has been demonstrated that the stress/strain
sensitive Raman D band undergoes downshift with tensile strain, similar to what was
found previously on graphene, however the value of/divis just 1/2~1/3 of the

value of the monolayer graphene, possibly due to the structural distortion of the GO
basal plane during oxidation. The measureg/devhas been used to follow the
deformation of monolayer GO flake so that the strain distribution of the GO flake
can be mapped, indicating a better stress transfer efficiency of GO compared to that
of graphene. Additionally, the measuredptlds may also be used to estimate the
effective modulus of GO in nanocomposites, as will be shown in Chapter 7.
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Chapter 5 Quantitative Determination of the Spatial

Orientation of Graphene by Polarized Raman

Spectroscopy

5.1 Introduction

The spatial orientation of graphene is of great importance because of its two-
dimensional geometry, and properties such as high strength [1]. The technique of
Raman spectroscopy has been used extensively to study the orientation of graphene.
However, the studies so far have only dealt with the in-plane orientation
(crystallographic orientation) with the Raman laser beam aligned perpendicular to
the surface of graphene [2-5]. Although Raman spectra have been obtained from
transverse section of multilayer graphene or graphite crystals for the orientational
analysis [6-8], there has been no systematic study to determine the spatial orientation

of monolayer graphene, and also taking into account its surface roughness.

In this present study, two particular types of specimen are investigated, a graphene
monolayer grown by chemical vapour deposition (CVD) on the surface of copper
foil (graphene-Cu) and secondly CVD graphene grown on copper and then
transferred onto a polyester film (graphene-PET). Similar to that of graphite, the
intensity of Raman 2D bandhf) is found to vary as approximately th8 dower of

the cosine of the angle between the axis of laser polarization and the plane of
graphene when the direction of laser propagation is parallel to the graphene sheet.
The approach of Liu and Kumar [9] based on carbon nanotubes has been modified
for the quantitative analysis of the spatial orientation of graphene monolayers
without any prior knowledge of the orientation distribution function (ODF). The
ODF obtained is in agreement with level of surface roughness revealed by atomic
force microscope (AFM), showing how the Raman technique may be used to

Y This chapter is based on a paper, ‘Quantitative Determination of the Spatial
Orientation of Graphene by Polarized Raman Spectrosc@abhon (2015): DOI:
10.1016/j.carbon.2015.02.072
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qguantify the spatial orientation of graphene. It is also shown how the technique can
be employed to quantify the orientation of graphene in highly-ordered pyrolytic
graphite (HOPG) and graphene paper.

5.2 Experimental

5.2.1 Preparation

The graphene-Cu was kindly supplied by Dr. Neil Wilson, University of Warwick
[10]. It was grown via low-pressure chemical vapour deposition on copper foils
(99.999% purity, 0.025 mm thick, Alfa Aesar product number 10950) [11, 12],
which were cleaned in acetone and isopropanol prior to use. The foils were heated
from room temperature to 100C in a tube furnace with a 1 inch quartz worktube
under a hydrogen flow of 2 standard cubic centimetres per minute (sccm), with a
resultant pressure of fOmbar. The hydrogen flow was maintained constant
throughout the growth process. After annealing for 20 minutes at D085 sccm

of methane was introduced for a further 10 minutes [10]. The methane flow rate was
reduced to 5 sccm while the sample was cooled to’60@fter which, the gas flow

was stopped.

The graphene-PET specimen was supplied by Bluestone Global Tech, USA. Since it
is a commercial material full details of its manufacture are confidential but some
information has been kindly supplied by Bluestone. The graphene was grown on
copper using a conventional methane feedstock and it was then transferred onto PET

film.

HOPG (43834, 1¥010x1mm) was supplied by Alfa Aesar. The graphene paper was
kindly provided by A.P.A. Raju, which was prepared by the direct exfoliation of
graphite (Grade 2369, Branwell Graphite Ltd., UK) in N-methyl-2-pyrrolidone
(NMP) (M79603, Sigma-Aldrich) in a low power ultrasonic bath (32 W, Elmasonic
P70H) for 24 hours [13, 14]. The resulting suspension was centrifuged (Thermo
Scientific Sorvall LEGEND XTR) for 20 min at ~4000 g following vacuum filtration

of the supernatant on 47 mm anodisc membranes (pore size 0.1 pm) to form

graphene paper. It was then dried overnight &3 a vacuum oven.
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For the polarization tests iX-direction (transverse to the graphene planes), all
samples were embedded transversely using commercial polyester-based mounting
plastic. The graphene-Cu and graphene-PET specimens were prepared by either
cutting and polishing or microtome sectioning to expose the graphene edges. The
HOPG and graphene paper specimens were cut and polished to again expose the
graphene edges.

5.2.2 Characterization

Optical images of the transverse sections of the specimens were obtained using an
Olympus BH Microscope. Scanning electron microscope (SEM) images were
obtained for the graphene-Cu using a Zeiss SUPRA 55-VP FEGSEM and a Philips
XL 30 FEG microscope for the HOPG and graphene paper. Transmission electron
microscope (TEM) images of the graphene removed from the graphene-Cu were
obtained at 200 kV using a JEOL 2000FX with a Gatan Orius camera. AFM images
were obtained from the surfaces of the graphene on both the graphene-Cu and
graphene-PET using a Dimension 3100 AFM (Bruker) in the tapping mode in
conjunction with a ‘TESPA’ probe (Bruker). The waviness of the graphene on the
substrates was determined in terms of the distributions of slopes determined from the
AFM height scans using Gwyddion AFM analysis software (gwyddion.net).

Polarized Raman spectra were obtained using Renishaw 1000/2000 spectrometers
with a HeNe laseri(= 633 nm) for the graphene-Cu, HOPG and graphene paper and
an Argon ion laserA(= 514 nm) for graphene-PET, both with a laser spot around
1~2 um in diameter, using the so-called ‘VV' polarization configuration, where the
polarization of incident and scattered radiation are parallel to each other. Fig. 5.1
defines the Cartesian coordinate system Withy and Z axes used to describe the
experimental arrangement in which the CVD graphene specimens were examined.
The spectra were obtained, first of all, from the graphene with the laser beam parallel
to the Z-axis which is perpendicular to the graphene surface. Spectra were then
obtained from sections of the specimens with the direction of laser propagation along
the X-axis parallel to the plane of the graphene. With the polarization configurations
fixed, Raman spectra were then obtained with the specimens rotated to different

angles,®« and @; in steps of 10°, for the laser beam paralleXt@ndZ directions.
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Graphene

° /<
@,
____________ >

Figure 5.1 Schematic illustration of the relationships between the specimen

(b)

geometries and polarization arrangements used in the Raman spectroscopic analysis.
(@) The specimen in the defined Cartesian coordinate system, and the VV
polarization arrangement with the laser beam parallel to th2 ¢b)(c) X axis. The

red arrows represent the direction of laser propagation and the purple and green
arrows represent the directions of polarization of the incident radiation and scattered
radiation, respectively. (The arrows with the broken line represeidirection)

5.3 Results and Discussion

5.3.1 Graphene-Cu

The graphene on the graphene-Cu was shown by a combination of SEM and TEM to
consist predominantly of single layer material containing a few wrinkles, with
evidence of small amounts of bilayer material (Fig. 5.2). Fig. 5.2(a) is a typical SEM
image of the CVD graphene grown on copper foils. The surface is mostly uniform
suggesting predominantly single layer graphene with bright patches indicating some
remaining contamination. Some small darker regions indicate the presence of small
regions of bilayer graphene and wrinkles in the graphene film. The graphene layer
was transferred from the copper foil to a TEM support grid as described previously
[10]. Fig. 5.2(b) shows a typical TEM bright field image. The darker lacy support
can be seen along with an almost uniform coverage of graphene, with some contrast

changes from wrinkles and contamination from the transfer process. Fig. 5.2(c)
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shows a typical diffraction pattern from a region inside the lacy support. The pattern
shows a hexagonal array of spots with spacing consistent with graphene. A line
profile to compare the first order spots with the second order spots (Fig. 5.2(d))

shows comparable intensity, indicating the presence of a monolayer.

Figure 5.2 (a) SEM image of the CVD graphene on copper. Bright points on the
surface are contaminants remaining after growth. (b) Bright field TEM of graphene
after transfer to lacy carbon grid. (c) TEM diffraction pattern and (d) line profile of
the diffraction intensity from the marked area in (c). The inner spots are of
comparable intensity to the outer spots indicating single-layer graphene. (Courtesy of
A. Marsden, University of Warwick)

Fig. 5.3 shows the results for the polarized Raman analysis of the graphene-Cu. An
optical micrograph of a microtome sectioned transverse section of the copper folil is
shown in Fig. 5.3(a) along with a schematic diagram of the mounted specimen in Fig.
5.3(b). The Raman spectrum from the graphene-Cu with the direction of propagation
of the laser beam parallel to tHeaxis (perpendicular to the surface of the foil) is
shown in Fig. 5.3(c) and is a typical spectrum of CVD-grown monolayer graphene
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[11]. The G band in the spectrum, located at around 158%) camresponds to the

E>g phonon at the Brillouin zone centiE point) [15]. The strong 2D band at around
2650 cn (also known as the G’ band) results from the two phonons with opposite
momentum in the highest optical branch nearKhpoint [16]. The D band centred

at around 1300 cihand the D’ band at around 1620 tmriginate from inter- and
intra-valley scattering at the Brillouin zone boundary [17], indicating the presence of
defects in the graphene. The high ratio of the intensity of Raman 2D Ibghtb the
intensity of Raman G bands] [18], as well as the sharp 2D band with a full width

a half maximum of ~35 crhare both characteristic of monolayer graphene [19, 20].

Figure 5.3 (a) Optical micrograph of a microtomed transverse section of the copper
foil. (b) Schematic diagram of the transverse section of the copper foil mounted in a
polymer resin. (c) Raman spectrum of the graphene-Cu obtained with the laser beam
parallel to theZ-axis (@; = 09 and theX-axis (& = 0°), respectively. (d) Fitting
procedure employed to determine the band intensity. The experimental spectrum,
fitting for the spectrum and fitting for individual band are shown with black, red and

green lines, respectively.
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Fig. 5.3(c) also shows the Raman spectrum obtained with the direction of laser
propagation parallel t&X and with @ = 0°. In this case the 2D band is much weaker
than with the direction of laser propagation parallelZtdut is still observable,
similar to the result reported recently from a transverse section of graphene [21]. The
G and D bands from the graphene overlap with the Raman bands from the polyester-
based mounting polymer. The laser beam is aroumoh &1 diameter so most of the

light scattered will be from the mounting resin rather than the 0.34 nm thick section
of the graphene monolayer, leading to a high fluorescence background. However, the
very strong resonant Raman scattering from graphene monolayer enables its Raman
spectrum still to be resolvable [16]. Fig. 5.3(d) shows the procedure employed to
measure thé,p. In this case the 2D band is well separated from the Raman bands
from the polymer-based mounting material which are found in the range 2800 cm
to 3100 crit.

90

Graphene-Cu
0 z

vV

1.0+

0.6+ 150

@00 -180

06 210 330 ) N\ X s

(P,(cosé)) = 0.76
(P,(cosé)) = 0.90

(a) 270

Figure 5.4 (a).p variation with the laser beam parallel to #rexis as a function of
the angle®, measured on one point. (bp variation with the laser beam parallel to
the X-axis as a function of the angé& measured on one point. The red lines are the

average value in (a) and curve fitting using Eq. 5.10 in (b), for the data points.

Finally, the dependence dbp upon the polarization angle in both axes was
determined. Fig. 5.4(a) shows that in the case of the direction of laser propagation
parallel to theZ axis (i.e. perpendicular to the surface of the graphéng)s
independent of?; as expected [2, 18]. In contrast in the transverse section, with the

direction of laser propagation parallel to tKexis, there is strong dependencé.,gf

115

Distribution A: Approved for public release; distribution is unlimited.



Chapter 5 Quantitative Determination of the Spatial Orientation of Graphene by
Polarized Raman Spectroscopy

upon the angles. It is the most intense whe® = 0° and 188 and is minimum
when @ = 90° and 270° (Fig. 5.4(b)).

While I,p varies for the graphene-Cu upon rotatingidirection, the intensity of the
Raman band from the mounting polymer (~3060"amFig. 5.3(d)) does not change
(Fig. 5.5). The same behaviour was found when the mounting polymer alone was

tested in a similar way.
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Figure 5.5 The intensity of the polymer band at ~3060 asnthe function of#
obtained along with graphene-Cu and from another individual polarized Raman
spectroscopy test on the mounting polymer only.

5.3.2 Graphene-PET

A similar analysis was undertaken upon the monolayer graphene-PET as shown in
Fig. 5.6. In this case the graphene 2D band was found to partially overlap with a PET
band around 2615 ¢hwhen excited with the 633 nm laser, so a laser with514

nm was used to move the 2D band to a higher wavenumber. The Raman scattering
from the underlying PET film is strong so that is relatively weak (Figs. 5.6(c) and

(d)) even for the spectrum obtained with the direction of propagation of the laser
beam parallel to th& axis (perpendicular to the surface of the film), nevertheless it
can still be clearly resolved, as shown in Fig. 5.6(e), the fitting procedure used to
determinel,p. The difference in the 2D band position for the graphene monolayers
between the graphene-Cu and graphene-PET is the result of different laser
excitations employed for the two systems (633 nm and 514 nm respectively).
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Figure 5.6 (a) Optical micrograph of a microtomed transverse section of the PET
film. (b) Schematic diagram of the transverse section of the PET film mounted in a
polymer resin. (c) Raman spectrum of the graphene-PET obtained with the laser
beam parallel to th&-axis (@, = 0°). (d) Raman spectrum of the graphene-PET
obtained with the laser beam parallel to ¥axis (@ = 0°). (e) Fitting procedure
employed to determine the band intensity. The experimental spectrum, fitting for the
spectrum and fitting for individual band are shown with black, red and green lines,

respectively.
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lop is found to be independent of the angle(Fig. 5.7(a)), similar to the behaviour

of the graphene-Cu shown in Fig. 5.4(&)p is relatively weak in the transverse
section of the graphene-PET but can still be resolved, that a strong angular
dependence dbp upon @ is again obtained for the transverse section (Fig. 5.7(b))
although it is difficult to resolve the 2D band from the background scattering above
@ 1160°.
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Figure 5.7 (a)2p variation with the laser beam parallel to #rexis as a function of

the angle@;. (f) I,p variation with the laser beam parallel to daxis as a function

of the angle@x. The red lines are the average value in (a) and curve fitting using Eq.
5.10 in (b), for the data points. The data were averaged for three measurements on
one point, respectively.

Fig. 5.8 is the intensity of the PET band at ~2615 amthe function ot obtained

and another individual polarized Raman spectroscopy test on PET only. Unlike the
graphene-Cu, when the specimens were rotatetl direction, the intensity of the

PET Raman band in both experiments changed due to its high degree of molecular
orientation (Fig. 5.8) [22].
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Figure 5.8 The intensity of the PET band at around 2615asrthe function oty
obtained along with graphene-PET and from another individual polarized Raman
spectroscopy test on the PET only.

Previous studies undertaken upon transverse sections of multilayer graphene or
graphite crystals [6-8] have found that the variation of Raman band intensities with
@ for single crystal graphite with a laser beam in ¥hdirection (parallel to the
graphene planes) with VV polarization should be of the form:

| wW
sample

(@) o< cos' @ (5.1)

It can be seen from Figs. 5.4(b) and 5.7(b) that although the data show relationships
of this form, the equation is not followed exactly since the intensity does not fall to
zero at® = 90°. Eg. 5.1 can be modified to give a better fit to the experimental data
by fitting to an equation of the form:

| i @) = Geog @ +C, (5.2)
where G and G are constants such that €C, = 1. A similar relationship was used
by Gupta et al[2] for the intensity variation of the D band with laser polarization
angle relative to the edge of a graphene flake to take into account the non-uniformity
of the edge. Although it is clear that the parametew( be related to any non-

uniform alignment of the graphene, it has no physical significance, meaning that it is
impossible to characterize the orientation of the graphene quantitatively using this
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empirical approach. A more rigorous approach is used to quantify the alignment of
the graphene in terms of an ODF.

5.3.3 Spatial Orientation of Graphene

Fig. 5.9(a) describes the spatial orientation of one graphene flake inside a specimen.
The local spatial orientation of a graphene sheet is most conveniently defined by the
surface normal vector, shown in Fig. 5.9(a) aszk@&ection with the graphene in

the x,y plane. This is related to the coordinate system of the satdpM) by the

Euler angles @& ¢¢) as indicatedd and g are the polar coordinates pflirection in
(X,Y,2), and £ is the rotation angle for graphene. Fig. 5.9(b) is the laboratory
coordinates, showing how the specimens were rotated with @nglith regard to

the laser polarization directions. The incident and scattered light propagate along the
X, X" axis whilst the polarization direction of the incident light isvirdirection and

of the analyser is ilY direction (VV) orZ direction (VH).

Figure 5.9 Schematic diagram of the local orientation of graphene within the sample
and of the sample relative to the experimental polarised Raman spectroscopy
measurement parameters. (a) The local coordinate system of the graphene sheet
(x,y,2) is related to that of the sampl¢,Y,2) by the Euler angles¢@¢). (b) For the
polarised Raman spectroscopy measurements described in Fig. 5.1, the incident and
scattered light propagate along theX' axis whilst the polarization direction of the

120

Distribution A: Approved for public release; distribution is unlimited.



Chapter 5 Quantitative Determination of the Spatial Orientation of Graphene by
Polarized Raman Spectroscopy

incident light is inY’ direction and of the analyser is M direction (VV) orZ
direction (VH). (Courtesy of Dr. N. Wilson, University of Warwick)

The ODF of the surface normal can be written in generdh\@gé) such that
fin(B@ésindAgdé is the probability of finding an area element of the graphene
with surface normal betwee(@ gé) and @+dEgrdgé+dé). Due to the in-plane
symmetry of graphene, the rotation angles not considered. The system is greatly
simplified when the ODF shows uniaxial symmetry; i.e. when the orientation of the
graphene sheets varies uniformly around a common plane (as is the case for the
predominantly flat graphene samples studied here). In that case the ODF can be
written asfy(6). Following Liu and Kumar [9] and van Gurp [23], we can describe

any ODF of this kind in terms of Legendre polynomials:

2+1
2

fu@ =2, (P (cos9))P (cost) (5.3)

i=0
where P, (co# )is the Legendre polynomial of thth degree and®, (cés js the
average value, given by

o=

j P (co®)f, ©@)sin@l6
(R (cos)) ==

(5.4)

o=

j f, @)sinadd
6=0

The P, (cog) are the order parameters. For most non-polar matdtjals & (eos )
only non-zero for evem and polarised Raman spectroscopy can only be used to
determine (P,(cosf)) and (P(cosf)) [9, 24]. The  parameter

P, (co8 )= (8co$8)-1)/2 is more commonly known in polymer and composites
2

science as the Hermans’ orientation factd®5]. Generally, the larger the values of

(P,(cosd)) and (P,(cosd)), the better the orientatiofiP,(cosd)) is the primary

parameter that contains the fundamental information (mean orientation angle) of

graphene [24, 26K.F;(cos€)> Is less meaningful tha{"Pz(cosé?)> with regard to the

mean orientation but its value can be used to determine and thus reconstruct the full
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ODF [26, 27]. For example, generali, (co8 )= ($CO§0>—1)/2:O means the

graphene flakes are randomly aligned wh(ece>§ 6?>:1/3. However, it fails to
describe an extreme situation where all the graphene flakes are oriented aldng the

axis at an angl& where co$6=1/3 thus<co§ 6?> =1/3. In this circumstance, the

introduction 0f<P4(c096?)> is of great importance to characterize the orientation fully.
The polarised Raman scattering intensity is given by [7, 18]:

102e, B[ (5.5)

where € and & are the unit vectors in the direction of the polarization of the incident
and scattered light, respectively, andis the polarizability tensor [7, 28]. We make
the assumption that for 2D band, which is agwbrational modea, is isotropic

within the plane of the graphene and 0 out of the plane since the scattering is due to

in-plane phonons [29]. Therefore, in the locay,g) coordinate systeng, is given

by [30]:

(5.6)

>
1
O O
O » O
o O O

For the Raman G band, which is ag Ebrational mode, the polarizability tensor is
given as [18, 30]:

1 0O 010
g,y =|0 -1 0| andag, =1 0 0 (5.7)
0O 0 O 0 00O

Transformingg (the Y’ direction) ande, (either theY' direction for VV or Z' for

VH) (Fig. 5.9(b)) into thex)y,2) coordinate system we find that the intensity of the
Raman scattering from the graphene sheet in VV polarization is
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Iy @ )][co§¢co§q5+ (caB co® sinp- sindsind) ] (5.8)

To calculate the total Raman scattering intensity of the specimen, the intensity from
all orientations of graphene must be added, giving

2m 2

j j j |V £, @)sinbd@dgé
| W (@)Dfowoeo (5.9)

sample 2mr 2w

j j j f,, @)sinddadgdé

£=0 ¢=06=0

Substituting the definition of the ODF (Eg. 5.3) and Eq. 5.8 into Eq. 5.9 gives the
following equation for the Raman scattering intensity of the sample as a function of

the polarisation angl@ relative to the sample:

| i ®) = | E{— +(P, (coa9)>( 16,8 Cos? qs) <P4(cos9)>(3% —g coéd +cod qu}
(5.10)

where the constaritis theamplitude. By fitting Eq. 5.10 to the experimental data,
the parameteréP,(cosg)) and (P,(cosd)) can be determined for both specimens

(Figs. 5.4(b) and 5.7(b)). Because of the difficulty in determining the exact
alignment of graphene in graphene-Cu and graphene-PET specimens, an offset angle
was added in the curve fitting and constrained as’[-10°] (it was not added into

Eq. 5.10 as it was not considered in the curve fitting of HOPG and graphene paper
described later as their alignments can be determined). As explained by van Gurp

[23], these parameters are constrained as: 1/Z<P2(cos9)>s1 :

- 3/7<(P,(cod)) <1 , (P,(cosd)) < 1—12( 3P, (cos)) + 7) , and

<P4(cose)>21i8( 3%, (cod ) - 10P, (cos9)>—7). It is noteworthy that Eq. 5.10 is

applicable to both the JgEmode G band and:fmode 2D band as identical results

are generated regardless the polarizability tensors used in the calculation, so the

values of(P,(cosf)) and(P,(cosf)) can be determined using either of the two

bands. The |y mode G band is doubly degenerate, andahg,;, and ae, , tensors
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correspond to two different in-plane vibrations with perpendicular directions [31]. In
terms of the orientational study of graphene in this work, the G band intensity results
from both of the in-plane polarizability tensors, with equivalent importance.
Therefore both tensors were used in the calculation and the individual G band
intensities were summed after calculation from their tensors using Eqg. 5.5. The
deduction for the VH polarization configuration shows that, differing from that for
the VV polarization, the result for thegmode G band (Eqg. 5.11) differs from that

of the A, g mode 2D band (Eq. 5.12).

G: loho (@) = |OE{§—%<F’2 (co§)>+<P4(cos€)>[—3—2+ coéqﬁ—cos“qﬁj} (5.11)
2D: I (@) =1 i+i<P (co®) +(P (cos&)>[—i+ coéqﬁ—cos“qﬁj} (5.12)
* ' sample o) 15 21 2 4 35 .

It should be noted that when the graphene is perfectly aligned in the sample, here

equivalent to being perfectly fla¢P, (co® ) = (P, (co®d)) =1, then Eq. (10) reduces

to 12 @)dcos'® . Egs. 511 and 5.12 similarly reduce to

sample

|IH & [ cdsb— cosd € sifdcosd) . Previous orientational studies of

sample
graphene and related materials showed angular dependencies of these general forms,
when the laser beam was either perpendicélar#{/2 andg= 0 in Fig. 5.9(a)) [2-5]
or parallel @ = 0 in Fig. 5.9(a)) to the graphene flakes [6-8].

5.3.4 HOPG and Graphene Paper

The analysis was extended to HOPG, which is known to have a crystalline graphite

structure [32], and graphene paper made by solvent exfoliation and vacuum filtration.

The Raman spectra of HOPG obtained for the laser beam ihahe Xdirections

with @zand ®x = 0° are shown in Fig. 5.10(a). The presence of the D and D’ bands
for the laser beam in th¢ direction was reported to be due to the discontinuities at
the edges of the graphene flake that can be regarded as defects [33]. The D and D’
bands are absent with the beam inZhdirection because the HOPG basal planes are
relatively defect-free. The 2D band of HOPG can be fitted with two components, the
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2D1 and 2D2 bands. The intensity variation of the G, 2D1 and 2D2 bands of HOPG
with respect to the direction of laser polarization in bXtland Z directions are
shown in Fig. 5.10(b). This is very similar to the behaviour otihef graphene-Cu

and graphene-PET. The consistency between the intensity variation of G, 2D1 and
2D2 band further confirms that Eqg. 5.10 is identical for both theri®de G band

and the Ag mode 2D band. The small deviation found between the G band and 2D1
band may be due to the 2D1 band being partially from randomly-aligned graphene
layers while well-aligned graphene layers contribute to the higher wavenumber 2D2
band [34, 35].
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Figure 5.10 (a) Raman spectra of HOP&XiandZ directions and (b) the intensity
variation of the G, 2D1 and 2D2 band of HOPG with the a#gl{@;) with the laser
beam inX and Zdirections, respectively. The lines in (b) are the average values for
data points irZ direction and curve fitting using Eq. 5.10 for datXidirection.

The structure of graphene paper was also examined using polarized Raman
spectroscopy, and the G band was used here because its 2D band is asymmetric. The

variation of g with the polarization orientation angx(®z) is presented in Fig.
5.11. The significantly lower values ¢f,(cosd)) and(P,(cosd)) in X direction

imply a lower level of alignment of the graphene flakes in the paper than for the

other materials.
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Figure 5.11 Ig variation for laser beam propagation Xhand Z directions of
graphene paper. The lines are the average value for data pomhwirgction and
curve fitting using Eq. 5.10 for data pointsXrdirection.

5.3.5 Orientation Distribution Function

The values of<P2(cose)> and<P4(c096’)> of the different materials studied are

summarized in Table 5.1.

Table 5.1 Values of the order parameters determined for the four specimens.

Material (P,(cost)) (P,(cosd))
Graphene-Cu 0.85+0.12 0.94 + 0.05
Graphene-PET 0.76 £0.14 0.83+0.05
HOPG 0.79+0.01 0.73+0.02
Graphene Paper 0.17+0.01 0.05+0.05

Based on this, a best guess of the actual ODF can be calculated following the

maximum entropy approach as [9, 23]:

f,©)= Aexp[-(4,P, (co®)+ A,P,(cosh) ] (5.13)
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where the coefficients, 1, andl14 are found by numerically solving for them in three

simultaneous equations:

2mr 2w T

[ fy 6)sinfdodgdé =1 (5.14)
£=0¢=06=0
2 2mr
j j j P, (co®)f,, @)sindd&glé = (P, (cosd)) (5.15)
£=0¢=06=0
2 2mr
j j j P, (co® )f,, @ )sindd@dgé = (P,(cosd)) (5.16)
£=0¢=06=0
1.0 Orientation Distribution Function
Graph -C
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Figure 5.12 ODFs of the four specimens constructed with the measured orientation

parametergP,(cosd)) andP,(cos)).

Fig. 5.12 shows the calculated ODFs for the four specimens normalized to their

corresponding 0° values. The good alignment of the graphene flakes in HOPG is
further confirmed by the SEM image (Fig. 5.13(a)), which leads to the ODF of the
HOPG being almost same that of the monolayer graphene (Fig. 5.12). In contrast, the

alignment of graphene flakes in the graphene paper is significantly lower (Fig.

5.13(b)), which is also reflected by the lower valueg¢Ry{cosg)) and/P,(cosd)),

possibly due to the small size of the graphene [36].
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Figure 5.13 SEM images of the transverse sections of the (a) HOPG and (b)
graphene paper.

It is interesting to observe that for both monolayer graphene specimens (graphene-

Cu and graphene-PETP,(cosf)) and(P,(cosd)) <1 which means that in both

cases the graphene is not exactly flat. In order to investigate this phenomenon, the
topography of the graphene surfaces was studied using AFM by taking height scans
(Fig. 5.14). In Fig. 5.14(a), it can be seen that the graphene monolayer follows the
topography of the copper surface and so local Cu terraces or Cu grain boundaries
will affect the flatness of the graphene [10]. In the case of the graphene-PET
specimen it can be seen from Fig. 5.14(b) that the graphene on the PET is wrinkled.
This may be due to factors such as differential thermal contraction or the process of
transferring the graphene from the original substrate to the PET. Figs. 5.14(c) and (d)
show histograms of the local slope determined from the AFM tapping-mode height
scans across the graphene-Cu and graphene-PET surfaces, respectively, indicating
the irregularity in the topography of the graphene. The local slope of the surface at
each measurement point was computed using the Gwyddion software and the
distribution of the anglé& corresponding to the tangent of the slope was determined.
The open symbols in different colours correspond to the data obtained from the five
~2um square regions indicated in Figs. 5.14(a) and (b), which are approximately the
same size as the Raman laser spot.
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Figure 5.14 AFM analysis of the monolayer graphene on the substrates. Height
scans of (a) graphene-Cu and (b) graphene-PET. (c) & (d) Frequency distributions of
the angled of the local slopes of the graphene on the substrates determined from the
AFM height scans. The open symbols in five different colours correspond to the data
obtained from the five ~2n square regions the positions of which are indicated in
Figs. 5.14(a) and (b). The red shade regions are the average ODF calculated from the
polarized Raman measurements in Figs. 5.4(b) and 5.15(a) for graphene-Cu, and in
Figs. 5.7(b) and 5.15(b) for graphene-PET.

The measurements of the angular dependencé,ofwere repeated from the
transverse microtomes sections of the graphene-Cu and graphene-PET specimens
(Fig. 5.15). The results are similar to those obtained from cut and polished
specimens (Figs. 5.4(b) and 5.7(b)).
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Figure 5.15 I,p variation with the laser beam parallel to exis as a function of
the angle@x for (a) graphene-Cu and (b) graphene-PET. The red lines are the curves
fitted using Eq. 5.10.

Both sets of polarized Raman spectroscopic data for each material were used to
reconstruct the average ODF using the maximum entropy approach as shown as the
red shaded regions in Figs. 5.14(c) and (d). It can be seen that there is good
correlation between the AFM data and the ODFs determined using polarized Raman
spectroscopy. Although the surface of graphene-Cu appears to be rougher than that
of graphene-PET, the standing wrinkles affect the orientation of the generally flat
surface more severely, as indicated in the broader distribution curves determined
from both Raman and AFM data (Figs. 5.14(c) and (d)). The similarity between the
AFM distributions and ODFs gives confidence in the use of the polarized Raman
technique to quantify the orientation of the graphene. Moreover, it confirms that the
use of the Legrendre polynomial expansion provides a general but rigorous approach
that does not require prior knowledge of the ODF.

5.4 Conclusions

It has been demonstrated that well-defined Raman spectra can be obtained from
transverse sections of graphene monolayers, only one atom thick, as a result of its
strong resonance Raman scattering. It has also been shown that polarized Raman
spectroscopy can be used to quantify the spatial orientation of graphene. The
analysis has been found to be applicable not only to graphene with a high orientation
degree such as on copper foil or polyester film, but also to bulk material such as
HOPG and specimens with a lower orientation degree such as graphene paper. In
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particular, it has been shown that it is possible to characterize the topography of
buried graphene monolayers which would otherwise be difficult to access. Hence
this analysis should find wide application as a characterization technique of graphene
in a variety of different applications ranging from electronic devices to
nanocomposites. In particular, it could enable the spatial orientation of graphene
platelets in nanocomposites to be quantified and related to the mechanical properties
of the materials, as will be shown in Chapter 6.
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Chapter 6 Determination of the Degree of Orientation of

Graphene-based Nanoplatelets in Nanocomposités

6.1 Introduction

The geometry and spatial orientation of the filler play vital roles in determining the
mechanical property of composites [1], especially for composites reinforced by
nano-filler, as it can be affected by quite a few factors [2-7]. In terms of identifying
the spatial orientation of nano-filler, however, unlike the micron-size fibres, the
traditional ways such as optical or electron microscopy only provide limited
information [8]. There are just few techniques for this purpose, as reviewed in
Chapter 1. Chapter 5 presented a study to quantify the three-dimensional spatial
orientation of graphene in terms of an orientation distribution function (ODF). It is
even more important, from the mechanics point of view, to know how the spatial
orientation of graphene in the nanocomposites determines its mechanical properties.
However, a quantitative analysis for this purpose is still lacking.

In this chapter, the general model established in Chapter 5 on basic graphene unit to
quantify the spatial orientation of any graphitic material using an ODF has been
extended to graphene-based nanocomposites. It is demonstrated further how the
classical Krenchel orientation factgs [1] can be determined for plate-like fillers
directly from the order parameters determined from the Raman data, and in
particular, be used to correlate the degree of spatial orientation of the fillers with the
mechanical properties of the nanocomposites.

“ This chapter is based on a paper, ‘Determination of the Degree of Orientation of
Graphene-based Nanoplatelets in Nanocomposites’, Submittec€otaposites
Science and Technolo@®015).
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6.2 Experimental

6.2.1 Materials

The graphite (Grade 2369) used to prepare the graphene oxide (GO) was supplied by
Graphexel Ltd. The PVA (IM~89000-98000, 99+% hydrolyzed) was purchased
from Sigma Aldrich and used as received. All the other reagents were of analytical
grade and used without further purification.

6.2.2 Preparation

The GO was prepared using the modified Hummers method (Chapter 4) [9, 10].
Briefly, 3 g graphite was added to 70 ml of concentrated sulfuric acid while stirring
at room temperature. The mixture system was then cooled°© @hen 1.5 g
sodium nitrate was added. While stirring, 9 g potassium permanganate was added
slowly, to avoid a rapid temperature rise. The mixture was then placed intéG 40
water bath for 0.5 h, followed by the addition of 140 ml of water and it was stirred
for another 15 min. An additional 500 ml water and 20 ml of 6 % w@,Hvere
added subsequently after which the colour of the mixture turned from brown to
yellow. The mixture was then repeatedly washed with 250 ml of 1:10 HCI aqueous
solution and centrifuged 3 times. Following this, the mixture was repeatedly washed
with water and centrifuged until the pH was approximately 7. Finally, the GO was

dispersed in water to make an aqueous suspension for later use.

The PVA powder was dissolved in water at°@to give a 10 wt% PVA aqueous
solution. The GO suspension and PVA solution were then mixed to form a series of
dispersions with GO concentrations of 1 wt%, 2 wt%, 3 wt% and 5 wt%. These
solutions were placed into a 120 W sonication bath for 30 min to obtain homogenous
dispersions. They were then allowed to stand overnight to fully remove bubbles, and
were cast and allowed to dry under ambient conditions to completely evaporate the

solvent.

The 10 wt% GO reinforced poly(methyl methacrylate) nanocomposites (GO/PMMA)
was kindly supplied by Dr. C. Vallés, The University of Manchester, and the

135

Distribution A: Approved for public release; distribution is unlimited.



Chapter 6 Determination of the Degree of Orientation of Graphene-based
Nanoplatelets in Nanocomposites

preparation was described elsewhere [3]. The 0.5 wt% GO reinforced epoxy resin
nanocomposites (GO/epoxy) was kindly supplied by Dr. Z. Li, The University of
Manchester, and the preparation was described elsewhere [11].

6.2.3 Characterization

Atomic force microscope (AFM) images were obtained using a Veeco CP-Il system
in conjunction with the ‘RTESPA’ probe (Bruker) in the tapping mode. Scanning
electron microscope (SEM) image of the GO flakes was obtained using XL 30 FEG
Philips. SEM image of the nanocomposite was obtained using EVO60 VPSEM
(Zeiss), where the sample was fractured at room temperature, and coated with gold
before analysis. X-ray diffraction (XRD) was carried out using an X'Pert DY609 X-
Ray diffractometer (Philips) with a Cudtadiation source\(= 1.542A).

Polarized Raman spectra were obtained using Renishaw 1000/2000 spectrometers
equipped with HeNe lasers. & 633 nm) with a laser spot around 1pfh in
diameter, from either the cross-sections or the top surfaces of the nanocomposites.
The so-called ‘VV’ polarization configuration was employed, where the polarization
of incident and scattered radiation were both parallel to each other. Fig. 6.1(a)
defines the Cartesian coordinate system with Xh& and Z axes being used to
describe the experimental arrangement in which specimens were analysedZ In the
direction (Fig. 6.1(b)), the direction of propagation of laser is alongZtlzis,
perpendicular to the top surface of the sample. IiXthadY directions (Fig. 6.1(c)),

the laser beam was set along ¥er Y axes, perpendicular to the transverse section
(fracture surfaces of GO/PVA and polished surface of GO/epoxy and GO/PMMA)
and parallel to the top surface of the specimen. With the polarization configurations
fixed, the specimens were rotated to different angles,®yand @; for the laser

beam parallel to th&, YandZ axis respectively. For the materials that were thought

to be transversely isotropic (GO/PVA), however, polarized Raman spectra were
obtained only with the laser beam parallel toZlend X directions.
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Figure 6.1 (a) Schematic illustration of the relationships between the sample

geometries and polarization conditions used in the Raman spectroscopic analysis in
three directions. View when laser beam parallel to (b)Ztldrection and (c) th&

andY directions. The red arrows represent the direction of laser propagation and the
purple and green arrows represent the directions of polarization of the incident

radiation and scattered radiation, respectively.

6.3 Result and Discussion

6.3.1 Model of Spatial Orientation

As explained in Chapter 5, the local orientation of a graphene sheet is most
conveniently defined by its surface normal vector, shown in Fig. 6.2 ag the
direction with the graphene in tlxey plane. This is related to the coordinate system
of the sampleX,Y,Z) by the Euler anglesg(¢¢) indicated. The ODF of the surface
normal can be written in general d§(6,¢<¢) such thatfiy(6,@ésindd&dgdé is the

probability of finding an area element of the graphene with surface normal between
(6@<) and G+dg grdad+dd).
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Figure 6.2 Schematic diagram of the local orientation of graphene within the sample
and of the sample relative to the experimental polarised Raman spectroscopy
measurement parameters. (a) The local coordinate system of the graphene sheet
(x,y,2) is related to that of the sampl¢,Y,2) by the Euler anglesf(¢¢). (b) For the
polarised Raman spectroscopy measurements described in Fig. 6.1(c), the incident
and scattered light propagates along XexX' axis whilst the polarization of the
incident and scattered light are in t¥iedirection for VV polarization configuration.
(Courtesy of Dr. N. Wilson, University of Warwick)

Based on the discussion in Chapter 5, the Raman scattering intensity of the sample as
a function of the polarisation angée (®@x/®v/®z) relative to the sample for the VV

| wW
' "sample

polarization (@), can be described as:

D)= 1, E{%(Pz(cose»[—;—‘} Zco qu +<P4<cose)>(3§5 -8 cogo+co qs)}
(6.1)

where |, is the amplitude. By fitting the experimental data to Eqg. 6.1, a set of

(P,(cosd)) and(P,(cosd)) values can be obtained to quantify the spatial orientation

of graphene in graphitic materials. When the graphene in the specimen is perfectly
aligned, here being equivalent to it lying perfectly flat in tH& plane,

<P2 (coﬁ) :<P4 (cos9)> =1. Their values then decrease as the degree of alignment
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decreases unti(P, (co# ) =(P,(cos9))=0, which is characteristic of isotropic
materials. It should also be pointed out that the parameter
(P, (cof )= ($co§ 6?> -1)/2 is more commonly known in polymer and composites

science as the Hermans’ orientation fadt¢t2]. If the Raman scattering intensity
measured in th& direction shows no angular dependence, which means the material
is isotropic about that axis, then the result obtaineX wirection is sufficient to
describe the spatial orientation of graphene. Although GO undergoes structural
distortions after oxidation, it essentially has a structure and vibrational modes similar
to those of graphene. As the crystalline structure of GO is predominantly the same as
that of graphene [13] but decorated by oxidative debris [14], it is assumed that the
Raman polarizability tensors of GO are the same as those of graphene. Accordingly,
it will then be shown how this technique can be extended to quantify the spatial
orientation of GO in bulk nanocomposites.

6.3.2GO/PVA Nanocomposites

For GO/PVA, the size of the GO flakes was examined using SEM (Fig. 6.3), and
their average lateral dimension was measured in Chapter 4 as ~14.85 pm.

Figure 6.3 SEM micrograph of the GO flakes on_SiGbstrate.

The thickness of the GO flake was measured by AFM height profile (Fig. 6.4(a)) to
be the order of 1 nm (Fig. 6.4(b)), typical of exfoliated GO monolayer,
demonstrating the compete exfoliation of the GO flakes after oxidation [7].
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Figure 6.4 (a) AFM image of the GO flakes. (b) The height profiles with a typical
thickness of the order of 1 nm.

The GO flakes were found using SEM to disperse well and align generally parallel
the top surface of the nanocomposites film, as indicated in Fig. 6.5(a). Their
dispersion was also confirmed by XRD (Fig. 6.5(b)). The diffraction peak of the pure
GO at 26= 10.5° corresponds tocaspacing of 0.84 nm. The similar patterns of the
GO/PVA and neat PVA sample indicate the complete exfoliation of GO flakes in the
nanocomposite [7].

Figure 6.5 (a) SEM image of the cross section of the 2 wt% GO/PVA. (b) XRD
patterns of GO, neat PVA and GO/PVA nanocomposites with different GO loadings.
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The Raman spectra of the GO/PVA nanocomposites with different GO loadings
when the laser beam was along ¥handZ directions are shown in Fig. 6.6. In the
similar spectra, the G band around 1600 arorresponds to theogEphonon at the
Brillouin zone centre [15]. The D band, centred around 13385, dm usually
assigned to the 4 symmetry, and is associated with the presence of defects [15].

1000 2000 3000 1000 1500 2000 2500 3000

T T T
(@) ()
1 wt% GO/PVA 1 wt% GO/PVA
n 1 n 1 n 1

2 wt% GO/PVA 2 wt% GO/PVA
n 1 n 1 n 1

3 wt% GO/PVA 3 wt% GO/PVA
. I . I . I . I . I . I

5 wt% GO/PVA 5 wt% GO/PVA
. . I . I . I . I . I

1 1
1000 2000 3000 1000 1500 2000 2500 3000
Raman Wavenumber (cm™) Raman Wavenumber (cm™)

Intensity in Z direction

Intensity in X direction

Figure 6.6 Raman spectra of the GO/PVA nanocomposites with the laser beam in (a)
X (blue) and (b¥ (red) directions.

Given the good dispersion of GO in the nanocomposites, the spatial orientation of

GO can be assessed using the strong G band. The variation of G band intgnsity (
as the function of polarization angl@/@), along with the values dfP,(coss))

and (P,(cosd)) , obtained by fitting the experimental data with Eq. 6.1 are shown in

Fig. 6.7. Thelg values measured M direction imply a good spatial orientation of
GO at 1 wt% loading, moderately aligned parallel to the films, but the alignment
decreases as the GO loading increases, as indicated by the decreasing values of

(Py(cosf)) and(P,(cosd)) (Fig. 6.7). Thelg values measured in the direction

show no angular dependence, demonstrating that the materials are isotropic about
that axis (Fig. 6.7). It is thought that the alignment of the GO occurs by settlement in

the mould during the evaporation of the aqueous solvent. It appears that the

settlement process does not take place so easily for higher loadings of GO leading to
less well-aligned GO flakes.
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Figure 6.7 Ig variation with angle@ /@, for GO/PVA nanocomposites with
different loadings of GO with the laser beam in bXtfblack) andZ (red)directions.

(@) 1 wt% GO, (b) 2 wt% GO, (c) 3 wt% GO and (d) 5 wt% GO/PVA. The black
lines are curve fittings for data K direction using Eq. 6.1, and red lines are the

average values for dataZndirection.

6.3.3 GO/epoxy and GO/PMMA
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Figure 6.8 Raman spectra of GO/epoxy and GO/PMMA with the laser beamXin (a)
(blue) and (b¥ (red) directions.
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For comparison, two kinds of other GO-based nanocomposites, GO/PMMA and
GOl/epoxy, were assessed using the same technique. The Raman spectra for those
two nanocomposites with the two laser configuration are shown in Fig. 6.8.
Generally they are similar to that of the GO/PVA (Fig. 6.6), yet different in the level

of fluorescent background.
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Figure 6.9 I variation with angle®x /@& /@, for propagation of the laser beam in
the X (black) Y (blue) and Z(red) directions for (a) GO/epoxy and (b) GO/PMMA.
The straight lines are the average values for data in corresponding directions.

The spatial orientation of GO in these two nanocomposite systems [3, 11] were also
assessed using polarized Raman spectroscopy. As there is no prior knowledge of
their state of orientation for these materials, the variatida @fth the angle® was
determined for the direction of laser beam propagation in allXth& and Z
directions (Fig. 6.9). The lack of variation b with @ showed that there is no
preferred orientation of the GO in either of these two nanocomposites. The
GO/epoxy nanocomposite was prepared by mixing the GO with the epoxy resin and
casting into a mould [11]. In the case of the GO/PMMA, the GO had been blended in
a twin-screw extruder with PMMA and injection moulded before consolidation by
hot-pressing [3]. It appears that neither process led to any preferred alignment of the
GO.

It is clear from the analyses of the range of diffesghthybridized carbon materials

investigated above that the angular dependence of the intensity reflects different
degrees of spatial orientation of the GO planes in the materials. Since the form of the
behaviour for all materials studied follows Eq. 6.1, it is possible to characterize the

143

Distribution A: Approved for public release; distribution is unlimited.



Chapter 6 Determination of the Degree of Orientation of Graphene-based
Nanoplatelets in Nanocomposites

graphene and GO spatial orientation in terms of the vaIu(aP;ﬁtosﬁ)} and
<P4(c099)> for a given polarization configuration. Table 6.1 shows the values of

(P,(cosA)) and(P,(cosd)) with the direction of laser propagationXndirection for

all the materials tested, and the generally decreasing values imply a lower degree of
spatial orientation of the flakes.

Table 6.1 Values ofP,(cosd)) , (P,(cos)) and Krenchel orientation factor

determined with the direction of laser beam propagation parallel t¥ theection
for all the materials studied.

(Py(cosh)) | (P,(cosh)) Mo
1 wt% GO/PVA 0.54 0.52 0.78
2 wt% GO/PVA 0.46 0.51 0.75
3 wt% GO/PVA 0.36 0.28 0.69
5 wt% GO/PVA 0.38 0.50 0.72
0.5 wt% GO/epoxy (D (D 0.53
10 wt% GO/PMMA (D (D 0.53

6.3.4 Orientation distribution function (ODF)

Based on thdP,(cosd)) and (P,(cosf)) values determined, a best guess of the

actual ODF can be obtained as indicated in Chapter 5 [16, 17]:
f(©@)= Aexp[~(A,P, (co®)+ A,P,(cost) )] (6.2)

where the coefficient®\, 1, and 14 can be solved numerically. Using the values
obtained, the spatial orientation of GO can be reconstructed (Fig. 6.10). For
simplicity, all the ODFs have been normalized to their correspondinglOes. It

can be seen that the highest level of spatial orientation is found for the 1 wt%

GO/PVA where f  § Yecreases rapidly with increasifigwhereas it is independent

of @ for the GO/PMMA and GO/epoxy, indicating the isotropic nature of the two

nanocomposites.
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Figure 6.10 The ODF for the materials studied.
6.3.5 Krenchel orientation factor 7,

Although the knowledge ofP,(cosf)) and (P,(cosf)) enables the ODF to be

obtained, one of the most useful applications of these order parameters is in the
determination of the Krenchel orientation factgg, which defines the effect of the
orientation of fillers, such as fibre [1] and carbon nanotube [18], upon the
mechanical properties of composites. It is unity for perfectly-aligned fibres or
nanotubes, 3/8 for fibres or nanotubes oriented randomly 2D in plane and 1/5 for

materials with random 3D fibres or nanotubes [18].

In general, the Krenchel factor is not unique for a particular material and it depends
upon the direction along which the mechanical properties are to be determined. For a
single reinforcement elemenf, = co$Z whereZ is the angle between the element

and the axis along which the stress is applied. For the platelet geometry shown in Fig.
6.2, with a symmetrical distribution of the surface normals and for deformation

parallel toY axis cos(z\/l— (sird sip?) . To find the Krenchel factor for a

specimen, an integration must take place over the ODF [1]:
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2mr 2w

[ ] [{1-(singsing)?] 1, (6) sincaededs
, = (6.3)

2m 2w

[ ] [ 1.(6)sin6dedgne

£=0¢=06=0

Substituting in the definition of the ODF in Chapter 5 gives:

8 8 3
n, —1—5+2—1<P (cosH)>+£<P (cosd)) (6.4)

It should be noted that, depends only or<1P2(cose)> and<P4(c096’)> hence can be

determined directly from the experimental Raman spectroscopy data. It has been
shown in this present study that the lack of the intensity variation with the @ngle
when the laser beam is parallel to theaxis shows that the orientation of the

graphene sheets varied uniformly around this axis. Thus(ﬁp@:os@)} and

<P4(cos6’)> values derived with the laser beam Xndirection are sufficient to

describe the orientation of graphene and GO.

As mentioned above for a perfectly-oriented mate®l(co# ) = (P, (cosd)) =

while (P, (co# ) =(P,(co®9))=0 for 3D randomly-oriented materials. Eq. 6.4

shows therefore that the Krenchel factor is predicted to be 1 for a perfectly-oriented
material and 8/15 for a material reinforced with 3D-random platelets. Liu and
Brinson [19] used the Mori-Tanaka model to model the elastic deformation of
nanocomposites. Analysis of their data shows that for reinforcement of a polymer
with nanoplatelets of a given aspect ratio, nanocomposite with random nanoplatelets
would be expected to have a Young’s modulus of around 8/15 of that for a
nanocomposite with aligned nanoplatelets deformed parallel to the axis of alignment
- a result identical to that found in this present study. The values of Krenchel factor
o of the all the materials studied are shown in Fig. 6.11. It can be seen the Krenchel
factor decreases as the degree of orientation of the materials decreases until it
reaches the value 8/15 in the case of random orientation when

(P, (co# ) =(P,(co)) =
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Figure 6.11 The Krenchel factorg of the materials studied. The dashed green line
represents the Krenchel value of 8/15 for materials reinforced with 3D-random

nanoplatelets.

Another point to bear in mind is the size effect (Chapter 1) as a result of the variation
of stress across platelets of finite lateral dimensions due to shear-lag effects [20] will
lead to the effective modulus of the filler being reduced by a further size factor
[21, 22]. Hence the best reinforcement will be achieved with well-aligned flat
nanoplatelets that possess large lateral dimensions.

6.3.6 Comparison with the Hermans’ model

Table 6.2 The value ofP,(cosd)), (P,(cosd)) and Krenchel factom, when

graphene flakes are oriented randomly in bulk, and oriented parallel/perpendicular to

the stress direction.

(P,(cost)) (P,(cosh) Krenchel factor
(Hermans’ factor) 1o
Paralle 1 1 1
Randon 0 0 8/1¢
Perpendicule -1/2 3/8 0 (3/8)

“The model fails in this situation as discussed later
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<P2(c036’)> is actually the Hermans’ orientation factor, and Krenchel orientation

factor is a combination o(sz(cose)> and<P4(c096’)>, as discussed above. As the

Hermans’ factor quantifies the general orientation but Krenchel factor relates the
orientation to the mechanical properties, it would be instructive to give a brief

comparison of the two orientation models.

Some of the values of the two orientation models at typical situations are shown in
Table 6.2, where the graphene flakes are aligned parallel or perpendicular to the
stress direction, or randomly aligned three-dimensionally. The values of Hermans’
factor can be calculated according to its definition. Based on this, the corresponding

<P4(cos6’)> values at the parallel and perpendicular situations can be calculated

using the constraints with regard to the valuéR{cos)) as shown in Chapter 5
and Ref. [23]. The random situation shows the importance of the additional

(P,(cosd)) parameter compared to théP,(cosd)) solely. For example,

P, (co8 )= (Bcodd)-1)/2=0 generally means the random orientation, however,
2

it is not able to describe the situation where all the graphene flakes are aligned

uniaxially along theZ axis at the anglé, where cos 8=1/3 thus<co§ 6?> =1/3.
As discussed earlier [23{P,(cosd)) can be in a range {fP, (cosd)) =0, however,

only when(P4 (cos9)> =0 can the ‘real’ random orientation be determined.

Consequently, the values of the Krenchel orientation factors can be determined using
Eq. 6.4. It has to be noticed that the perpendicular situation is an exception for this
model, where all the graphene flakes are aligned perpendicular to the stress direction
(0=¢=90° in Fig. 6.2). It is understandable from the mechanics point of view that the
Krenchel orientation factor should ideally be 0, though it is calculated to be 3/8 using
Eq. 6.4. This is because this situation is in contrast to the assumption in this model
that all the graphene flakes are aligned uniaxially alongZtteis (no ¢ in the
calculation). Hence the calculated value of 3/8 is actually obtained when all the
graphene flakes aligned és90° but 6< ¢<360, which is equivalent to the situation

of random fibres being oriented in a 2D plane when viewetldimection.
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6.4 Conclusions

It has been demonstrated that it is possible to use the model established in Chapter 5
to quantify the spatial orientation of GO in a variety of different GO-based
nanocomposite systems in terms of an ODF. It has been shown how it is possible to
qguantify the degree of spatial orientation of graphene and GO through the Krenchel
orientation factor determined experimentally from Raman spectroscopy data.
Another significant finding of this study is that the Krenchel fagtofor randomly
oriented nanoplatelets is 8/15. This means that random orientation of fillers such as
graphene should reduce the Young’s modulus of the nanocomposites by less than a
factor of 2 compared with the fully aligned materials. Compared to the reduction in
the modulus of a factor of 5 from aligned to 3D-random fibres and nanotubes [1], it
means that better levels of reinforcement should be achievable with misaligned
nanoplatelets compared with nanotubes and there is less need to ensure accurate
alignment of the nanoplatelet. Beyond just graphene and GO, this approach should
be more widely applicable to other nanoplatelet fillers for which well-defined Raman

spectra can be obtained.
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Chapter 7 Interfacial Stress Transfer in Graphene Oxide

NanocompositeS

7.1 Introduction

Graphene [1] has attracted a rapid increase in attention for applications in a variety
of fields, such as nanocomposites [2-4]. Its derivative - graphene oxide (GO) is also
playing an increasingly important role, because of its excellent properties and the
ability to produce it in large quantities at relatively low cost [5]. The oxygen
functional groups [3] enable the hydrophilic GO to be dispersed homogeneously in
water and water-soluble polymers, such as poly(vinyl alcohol) (PVA) [6-9].
Therefore, GO, unlike graphene, has the potential to have better significant
interfacial adhesion in nanocomposites, even though, the mechanical properties of
GO itself are thought to be inferior to those of graphene [10]. According to a recent
comparison [11], the mechanical properties of GO-based PVA nanocomposites are
unexpectedly not as good as those of an equivalent graphene-based nanocomposite.
It appears therefore that a balance needs to be struck between the inherent
mechanical properties of the graphene-based filler and the strength of the interface

between the filler and matrix.

Chapter 4 presented a study to monitor the deformation mechanics of monolayer GO
on a substrate. It was demonstrated that the stress/strain sensitive Raman D band
underwent downshift under tensile strain [12, 13], similar to what was found
previously on graphene [4]. It was demonstrated that the Raman D band shift rate
with strain (dw/de) can be used to measure the strain distribution across the GO
flake along the direction of tensile stress.

Given the good interfacial adhesion, in real nanocomposites, especially for those
reinforced by nano-fillers, the misorientation of the filler is inevitable. Chapter 5

“ This chapter is based on a paper, ‘Interfacial Stress Transfer in Graphene Oxide
NanocompositesACS Applied Materials & InterfaceéX)13,5, 456-463.
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presented a model to quantify the spatial orientation of graphene in terms of an
orientation distribution function. This model was further extended in Chapter 6 to
guantify the spatial orientation of graphene-based materials in bulk nanocomposites,
and in particular, to determine classical Krenchel orientation fagiathus to
correlate the degree of spatial orientation of the fillers with the mechanical properties
of the nanocomposites.

Although a number of types of graphene can be used to reinforce nanocomposites,
and these nanocomposites can be prepared by various methods, the fundamental
understanding of the mechanics of graphene-based nanocomposites is still lacking,
regardless of the particular type of graphene, matrix or preparation method. In the
present chapter, a thorough investigation is undertaken using gideda monitor

the reinforcement of PVA using GO, also taking into account the size and orientation
effect of the GO fillers. The effective modulus of GO in the nanocomposites can be
estimated, and the reasons leading to this effective modulus, lower than the Young's
modulus of GO, are discussed.

7.2 Experimental

7.2.1 Materials

The PVA (M,~89000-98000, 99+% hydrolyzed) was purchased from Sigma Aldrich
and used as received. The graphite (Grade 2369) was supplied by Graphexel Ltd. All
other reagents were of analytical grade and used without further purification.

7.2.2 Preparation

The GO was prepared using the modified Hummers method (Chapter 4) [14, 15].
Briefly, 3 g graphite was added to 70 ml of concentrated sulfuric acid while stirring
at room temperature. The mixture system was then cooled °®© @hen 1.5 g
sodium nitrate was added. While stirring, 9 g potassium permanganate was added
slowly, to avoid a rapid temperature rise. The mixture was then placed intéG 40
water bath for 0.5 h, followed by the addition of 140 ml of water and it was stirred
for another 15 min. An additional 500 ml water and 20 ml of 6 % w@;Hvere
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added subsequently after which the colour of the mixture turned from brown to
yellow. The mixture was then repeatedly washed with 250 ml of 1:10 HCI aqueous
solution and centrifuged 3 times. Following this, the mixture was repeatedly washed
with water and centrifuged until the pH was approximately 7. Finally, the GO was

dispersed in water to make an aqueous suspension for later use.

The PVA powder was dissolved in water at°@to give a 10 wt% PVA agueous
solution (Chapter 6). The GO suspension and PVA solution were then mixed to form
a series of dispersions with GO concentrations of 1 wt%, 2 wt%, 3 wt% and 5 wt%.
Neat PVA solution was used as a comparison. These solutions were placed into a
120 W sonication bath for 30 min to obtain homogenous dispersions. They were then
allowed to stand overnight to fully remove any bubbles. For mechanical testing, the
dispersions were cast into Petri dishes at room temperature for film formation. For
the Raman deformation studies, the dispersions were cast onto PMMA beams. In
both cases the nanocomposites formed were allowed to dry under ambient conditions
to completely evaporate the solvent.

7.2.3 Characterization

Atomic force microscope (AFM) images were obtained using a Veeco CP-Il system
in conjunction with the ‘RTESPA’ probe (Bruker) in the tapping mode. Scanning
electron microscope (SEM) images were obtained using a Philips XL30 FEGSEM
for GO flakes and EVO60 VPSEM (Zeiss) for nanocomposites. The nanocomposite
sample was fractured by hand at room temperature and fixed vertically with the
fracture surface towards the electron gun and it was coated with gold before analysis.
X-ray diffraction (XRD) was carried out using an X'Pert DY609 X-Ray
diffractometer (Philips) with a Cudradiation source\(= 1.542A).

The tensile properties of the neat PVA and GO/PVA nanocomposites with different
loadings were evaluated using an Instron-1122 universal testing machine. The film
samples were cut into dumbbell shape with a gauge length of 15 mm, a width of
~3.96 mm and a thickness of around 0.075 mm. Before testing the samples were left
in a climate-controlled laboratory for 24 h at a temperature of 23.0 + 0.1°C and a

relative humidity of 50 + 5%. The specimens were deformed at a loading rate of 1
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mm/min. The dynamic mechanical properties were evaluated using a DMA Q800
(TA Instruments). Specimens were heated from *CO0to 120°C at a rate of 3
°C/min and deformed using a frequency of 1 Hz and a static force of 0.005 N. Data

were averaged from 2-3 specimens for each nanocomposite composition.

The GO loading is converted from mass fractias (Wt%) to volume fractionVeo
(vol%) as [9]:

VGO — WsoPpva (7_1)
WeoPpva + (1_ WGO) Pso

Here, ppva andpco represent the density of PVA and GO, which are 1.3 §/and

2.2 glcm®, respectively [2, 7, 16]. As a result, the mass fractions of 1, 2, 3 and 5 wt%
GO/PVA are equivalent to volume fractions of 0.6, 1.2, 1.8 and 3.0 vol%,
respectively.

Raman spectroscopy test was conducted using a Renishaw 1000/2000 Raman
spectrometer system with a HeNe laser (633 nm excitation). The PMMA beams with
GO/PVA films on their surface were deformed in a four-point bending rig placed on
the Raman microscope stage. A resistance strain gauge was bonded to the specimen
surface using cyanoacrylate adhesive to measure the surface strain. The beam was
deformed stepwise and Raman spectra were collected from the central area of
nanocomposite at each strain level. The polarization of the incident laser was parallel
to the tensile direction, and the laser beam focused to a spot of aroupanlin2
diameter [17].

7.3 Results and Discussion

7.3.1 Microstructure of GO and GO/PVA Films

The thickness of the GO flake was measured by AFM height profile (Fig. 7.1). It can
be seen the thickness is of the order of 1 nm, typical of exfoliated GO monolayers,
demonstrating the compete exfoliation of the GO flakes after oxidation [2].
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Figure 7.1 (a) AFM image of the GO flakes. (b) The height profiles with a typical
thickness of the order of 1 nm.

Fig. 7.2 shows an SEM micrograph of the GO flakes, and their average lateral size
was measured in Chapter 4 to be ~14.85 pum.

Figure 7.2 SEM micrograph of the GO flakes on_SiGbstrate.

The dispersion of pure GO, neat PVA and GO/PVA with all the compositions was
characterized by XRD (Fig. 7.3). The characteristic XRD diffraction peak of the pure
GO is at 26= 10.5°, corresponding todaspacing of 0.84 nm. The XRD pattern of
the neat PVA is quite different with a peak at 2@9.6°. The XRD patterns of all of

the GO/PVA nanocomposites films are similar to those of neat PVA sample,
indicating the GO flakes have been exfoliated completely during the nanocomposite
preparation [18]. No changes (including broadening or shifting) of the PVA peak in
Fig. 7.3 were observed, indicating the degree of crystallinity and size of PVA
crystals was not changed significantly by the incorporation of GO [19].

155

Distribution A: Approved for public release; distribution is unlimited.



Chapter 7 Interfacial Stress Transfer in Graphene Oxide Nanocomposites
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Figure 7.3 XRD patterns of GO, neat PVA and GO/PVA nanocomposites with
different GO loadings.

Raman spectra were obtained from the middle of the nanocomposite films on the
PMMA beams and a typical Raman spectrum of the 1 wt% GO/PVA nanocomposite
is shown in Fig. 7.4, along with the spectra of neat PVA and neat GO powder. It can
be seen that although the loading of the GO in the nanocomposite is only 1 wt% (0.6
vol%) the Raman bands of the GO dominate the spectrum for the nanocomposite. In
the spectrum of GO, the G band around 1600 corresponds to thexfEphonon at

the Brillouin zone centrel( point) [20]. The D band, which has a peak position at
around 1335 cih is usually assigned to the point phonons of £ symmetry, and

is associated with the presence of defects [21]. The spectra of the GO and the
nanocomposite are similar to those reported in the literature [22]. They are quite
different, however, from the spectrum of pristine graphene \&8¢th has one sharp

G band and no D band. In addition pristine graphene has a 2D (or G’) band which is
absent in GO. The broad G and D bands, and a D band which is of higher intensity
than the G band are thought to be due to the presemsg? adrbon as a result of the
amorphization of the graphite during oxidation process [24].
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Figure 7.4 Raman spectra of neat PVA, neat GO and a 1 wt% GO/PVA

nanocomposite.

Figure 7.5 (a) SEM micrograph showing the layered microstructure of the 5 wt%
GO/PVA nanocomposite. (b) Schematic illustration of the geometry of the Raman
spectroscopic analysis of the GO/PVA nanocomposites films with (c) the laser beam
parallel toZ direction, and (d) the laser beam paralleKtdirection. The red arrows
represent the direction of laser propagation and the purple and green arrows
represent the directions of polarization of the incident radiation and scattered

radiation, respectively.

Fig. 7.5 shows the SEM image of a room temperature fracture surface of a PVA

nanocomposite film containing 5 wt% of GO in which a layered structure can be
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clearly seen. Figs. 7.5(b), (c) and (d) show the definitio, & andZ direction, and

the angles®; and @& relative to the specimen through which the specimens were
rotated and the polarized Raman spectroscopy was used to quantify the spatial
orientation of the GO in the nanocomposites, as shown in Chapters 5 and 6. For the
following deformation test, the tensile stress was applied alongdRes.

7.3.2 Mechanical Properties of GO/PVA Films

The mechanical properties of the materials were studied by tensile testing. Typical
stress-strain curves for the different nanocomposites and pure PVA are shown in Fig.
7.6(a). It can be seen that the Young's modulus and vyield stress of the
nanocomposites increases as the GO loading increases, whereas the elongation to
failure decreases. This behaviour is typical of that found in previous investigations
on similar systems [9].

Neat PVA 8-
1 wt% GO/PVA
—— 2 wt% GO/PVA
—— 3 wt% GO/PVA
—— 5 wt% GO/PVA

Neat PVA

1 wt% GO/PVA
— 2 wt% GO/PVA
— 3 wt% GO/PVA
— 5 wt% GO/PVA

Stress (MPa)
Storage modulus (GPa)

0 20 40 60 80 100 120 140 160 180 -20 0 20 40 60 80 100 120
. 0
Strain (%) Temperature ('C)

Figure 7.6 Mechanical properties of the neat PVA and GO/PVA nanocomposites
with different GO loadings. (a) Stress-strain curves at-2B°C and (b) Storage

modulus as a function of temperature.

The variation of the storage modulus of the nanocomposites with temperature is also
shown in Fig. 7.6(b). It can be seen that the addition of the GO increases the storage
modulus at all temperatures. Table 7.1 gives the values of the storage modulus for
each of the compositions at 20. As the GO loading increase from 0 wt% to 5 wt%,
the average storage modulus at°2Dincreases from to 4.4 GPa to 6.5 GPa. This

nearly 50 % increase indicates that the dynamic mechanical properties have also
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been enhanced by the incorporation of GO. It is instructive to compare this
behaviour with that expected from theoretical considerations.

Table 7.1 Storage modulus of the GO nanocomposites afCGnd the

correspondinge.#(GO) determined using the rule of mixtures.

Materials Storage modulus (GPa) E.(GO) (GPa)
Neat PVA 4.4 +£0.7 -
1wt% GO/PVA 51+0.9 121 +21
2wt% GO/PVA 57£04 113+8
3wt% GO/PVA 6.1£0.1 99+ 2
5wt% GO/PVA 6.5+0.7 74 £ 8

The mechanics of the reinforcement of polymers by graphene has been reviewed
recently [4]. The simplest approach to use is the rule of mixtures that provides an
upper bound for the Young’s modulus of a graphene-based comBgsi@s [25]:

Eomp =76 oMo + (= o )E, = By (GOVio +(1- Voo )E,, (7.2)

whereEy, is the Young's modulus of matrix, and# are the Krenchel orientation
factor and the size factor of the GO in the nanocompo&itg$O)= 7, Eco, IS the
effective modulus of GO, as a measure of the GO modulus that takes into effect in
the nanocomposites. This equation would be appropriate for the situation where both
the matrix and the filler were subjected to uniform strain [25]. This is the situation,
for example, in the case of long aligned fibres in a matrix, for which the in-plane
aligned GO layers in our GO/PVA composites are a 2D analogy. The calculation of
the Ec(GO) of the nanocomposite films using Eq. 7.2 showEth@s0) falls from
around 121 GPa for 1 wt% GO loading to 74 GPa at 5 wt% loading (Table 7.1).

As discussed in Chapter 1, the effect of size of the embedded fillers on the
mechanical property of the nanocomposites can be determined by the sizg factor
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tan ”Sj
2
, :1_n—;/_ (7.3)
J2
where n= \/%[V—Goj (7.4)
EGO 1_VGO

s is the aspect ratio of the GO flakes, dad is the shear modulus of the matrix
polymer, which can be obtained by [26]:

E, = 2G, (1+V) (7.5)

wherev is the Poisson’s ratio of the PVA matrix, taken as 0.4 [27]. Herein the value
of i is the function of the GO aspect ratio and also the GO concentration in the
nanocomposites. If the average lateral size and thickness of GO flakes are taken as
14.85um (Chapter 4) and 0.84 nm (Fig. 7.3), respectively, the correspondiog

the GO/PVA with different GO concentration are calculated as shown in Table 7.2.

Table 7.2 Size facto and Krenchel orientation factoy, for the GO/PVA

nanocomposites.
Specimens Size factgr Krenchel orientation factof,
1wt% GO/PVA 0.99 0.78
2wt% GO/PVA 0.99 0.75
3wt% GO/PVA 0.99 0.69
5wt% GO/PVA 0.99 0.72

It is shown in Chapter 6 that the spatial orientation of GO can be well reflected by
the values of Krenchel orientation facigr which are also summarized in Table 7.2.
Table 7.2 shows how; and 5, vary as the GO loading changes in the
nanocomposites. It can be seen that;the almost constant because the size of the
GO flakes are relatively large [28], and the strain distribution along the flake is
almost constant, as discussed in Chapter 4. Nevertheless the valudraiis as the

GO loading increases, possibly due to the incorporation of extra GO making it more
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difficult for the other GO flakes to be well aligned. Substitutthg(GO) in Table
7.1andy andzein Table 7.2 into Eq. 7.Ego can be calculated as around 100~160
GPa, slightly lower than the values obtained by direct measurement [10, 29]. There
are two possible reasons for this: (1) the invisible cracks and wrinkles in the GO
flakes may damage their structural continuity thus stop the stress transfer across the
entire flake, being equal to the situation with a patchwork of small flakes [28], and
this leads to an overestimation of the length fagtavhen it was measured directly

from the SEM image; (2) the edge-by-edge aggregation of the GO flakes that
decreaseE.#(GO)[30].

7.3.3 Deformation of Nanocomposites

It is well established that Raman spectroscopy can be used to follow the

micromechanics of deformation in a wide range of different carbon-based systems

[12, 13, 31-34], and the technique gives unprecedented insight into the deformation
processes involved from the stress-induced Raman bands shifts. Most of the studies
have been undertaken using shifts of either the G or 2D (G’) bands but there are also
reports of the D band undergoing stress-induced shifts in graphene [35] and there is
one report of stress-induced shifts of the Raman G band during the deformation of
impregnated GO paper [36]. Raman spectroscopy has been employed to follow
deformation micromechanics in graphene reinforced model nanocomposite [32, 37,

38], but to our knowledge, the technique has not yet been used for the analysis of

deformation micromechanics in GO-based nanocomposites.

In this present study Raman spectra were obtained from the GO nanocomposites,
with the laser beam parallel to tEeaxis (Fig. 7.5). Because the G band in GO is
known to consist of at least two components [36] and the overall shape of the band is
asymmetric and it was difficult to detect any well-defined band shifts, during
deformation and so the D band positiam) was monitored as a function of strain

Fig. 7.7 shows the D band for the 1 wt% GO/PVA nanocomposite before and after
tensile deformation to 0.4% strain and it can be seen that there is a significant strain-
induced downshift of the band. Strain modifies the crystal phonons in graphene, with
tensile strain resulting in mode softening [13, 31]. Thus the downshift of the D band
can be understood in terms of the elongation of the C-C bonds.
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Figure 7.7 D band of 1 wt% GO/PVA nanocomposite before and after tensile
deformation. (The intensity of D band has been rescaled to same level)
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Figure 7.8 Shift of theop with strain for the 5 wt% GO/PVA nanocomposite, for
loading to 1% strain followed by unloading.

It should be noted that shifts of these bands could also be obtained without any
deformation during exposure of the nanocomposites to the Raman laser beam,
especially at high power levels, presumably due to degradation of the unstable GO
material in the laser beam. The data shown in this present study were all obtained at
low laser power, so avoiding any problem with beam damage. Fig. 7.8 shows the
shift of wp for the 5 wt% GO/PVA nanocomposite and it can be seen that there is an
approximately linear shift ofwp with strain that is reversible upon unloading,
excluding the possibility that the downshift is from the laser heating effect. It is
noteworthy that the data points are less scattered than that in Figs. 4.6 and 4.7, and
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this is because that the large amount of GO flakes in the GO/PVA nanocomposites

give much stronger Raman scattering intensity than just a monolayer GO flake,

leading to a higher signal-to-noise ratio.

Fig. 7.9(a) shows the downshift of the Raman D band with tensile strain, fitted using

a single Lorentzian peak, for all the nanocomposite compositions. The goodness of

fit in each case can be seen from Figs. 7.9(b) show that there is a linear relationship

between wp and straine. For each composition the Raman D bands shift

approximately linearly to a lower wavenumber as the strain increases indicating

good interfacial stress transfer between the GO and PVA matrix, with no obvious

slippage [32].
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Figure 7.9 (a) Experimental (black) and Lorentz fitted (red) D band and (b) Shift of

wp as a function of applied strain of the GO/PVA nanocomposites with different

loadings.

At least two tests were repeated for each composition and the average D band shift
rate with strain (de/de) for 1 wt%, 2 wt%, 3 wt% and 5 wt% GO loadings are
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shown in Fig. 7.10. It can be seen that the/defalls slightly with GO loading
with an average value of around -8&#% strain.
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Figure 7.10 Average dséde of two measurements as the function of GO loading for

the GO/PVA nanocomposites.
7.3.4 Mechanics of Deformation

It is well established that for carbon-based systems the Raman band shift rate for a
composite can be used to estimate both the efficiency of stress transfer and the
effective Young’s modulus of the filler, for both the 2D and G bands [34, 39]. In
order to do this with the dside value in this study it is necessary to introduce the
Grineisen parameteirhis is a measure of how the phonon frequency is altered
under a small change in the volume of the crystallographic unit celld@lir case,

with exfoliated GO layers, only the changes in the longitude and traverse directions
during deformation need to be considered. Thus, the simplified Grineisen parameter
of the Raman D bang, defined as [13, 41]

1 da,
b de

Vo = 1-v) (7.6)
can be employedaf, is thew, at zero strain, and is either the Poisson’s ratio of

the matrix of nanocomposites or of the graphene itself for freestanding graphene.
This relationship can be used to estimate the band shift as a function of applied strain
for GO, from knowledge of the behaviour of graphene.
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In the literature [13, 35, 41], it is found that the measured value of the Grineisen
parameter for graphene varies as a result of the interaction of graphene and the
substrate [36]. We have therefore chosen the value for free-hanging graphere of
3.55 [13, 41]. Ifv =0.40 is taken here for the PVA matrix [27], the pdds of
embedded graphene is calculated to be around -38%mwhich is, of course,
approximately half the value of -60 €% strain found experimentally for the 2D
band in graphene [13]. Using a same valuepof 3.55, and the Poisson’s ratio of
graphenev =0.15 [42], the dw/d¢ for freestanding graphene is calculated around -
40 cm'/% [13]. However, this value is 2~3 times the calculated/dev for
freestanding monolayer GO (~ -14 &%) as shown in Chapter 4. To exclude the
effect of the different Poisson’s ratio of the polymer matrix and for general purpose,
all the dap/de in the following discussions are converted to the values (Table 7.3) for
freestanding materials using the similar manner [13].

Table 7.3 The values of measured and calculated (using Eq. %f)edand of
E.«(GO), determined using Eq. 7.7, for the different nanocomposite compositions.

Samples Mea(sCL:rrﬁ;:(I) /S@/de CaIcEJCI?r:_?/(ZIyOo)Icg/de Efgs(gao))
1wt% GO/PVA -8.8+£0.1 -12.5%0.1 133+1
2wt% GO/PVA -8.3+14 -11.8+2.0 125+ 21
3wt% GO/PVA -8.3+15 -11.8x2.1 125+ 22
5wt% GO/PVA -7.5+04 -10.6 £ 0.6 113+£6

The calculated dg/de for freestanding GO and the Krenchel orientation fagtor
obtained for the GO/PVA, GO/epoxy [43] and GO/PMMA nanocomposites [44]
(Chapter 6) are plotted in Fig. 7.11, where in the calculation the Poisson’s ratio of
epoxy and PMMA is taken as 0.38 [45] and 0.35 [46], respectively. A clear drop in
the dap/de can be found when the GO concentration in the PVA matrix increases,
but they are still higher than those of GO/epoxy and GO/PMMA. Those data points
can be fitted a straight line, the extension of which indicates that th&l«dtor
freestanding GO is around -20 &% when the Krenchel orientation factgrequals

unity, that is, when the GO flake is perfectly oriented. It is noted that thifdddis
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half of that for freestanding monolayer graphene, in broad agreement with the value
(~-14 cm'/%) obtained experimentally in Chapter 4.

A 05wi% GO/epoxy
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<
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Krenchel Factor, 77,

Figure 7.11 The correlation betweengdds and Krenchel orientation factgg for a

variety of GO-based nanocomposites.

Gomez-Navarro, Burghard and Kern [29] investigated the elastic deformation of
chemically-reduced GO monolayers using an AFM indentation technique on a
suspended film of material similar to that employed in an earlier study of exfoliated
graphene [47]. GO single layers of up tari’ in size were suspended over a trench

in a SiQ/Si wafer and force-displacement curves were obtained as the AFM tip was
pushed into the film. A Young’'s modulus of 250 + 150 GPa was determined,
although considerable scatter was obtained in their data. Suk et al. [10] undertook a
similar study of the AFM indentation of GO that had not been reduced and measured
anEgo of 208 + 23 GPa when they assumed an effective thickness of 0.7 nm for the
GO.

A theoretical study was undertaken by Paci et al. [48] to compare the stress-strain
behaviour of graphene and GO containing both epoxide and hydroxyl groups and
they predicted a modulus of >1000 GPa for the pristine graphene. They simulated
the structural modification to form GO and found that it led to a prediction of it

having a modulus of half of that for a graphene monolayer with the same thickness

(10.34 nm). They pointed out that the doubled thickness of GO compared to that of
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graphene further halves the modulus to the measured values [29]. As a result, it is
thought the structural distortion by functionalization and the increase in thickness are

the two main reasons that reduce the stiffness of GO to 250 GPa when compared to
that of graphene [10, 48, 49].

As structural distortion reduces the modulus of GO by a factor of 2 [48], also
considering the value of dgde of GO (-20 cm/%) halves that of graphene (-40
cm™/%), it is proposed that it is the structural distortion that causes the half reduction
of dwp/de compared to that of graphene as discussed in Chapter 4. Based on the
derived dw/de for GO, it is instructive to determine how the Raman band shift can
be correlated to the mechanical property of GO, so that the effective level of
reinforcement can be evaluated, similar to what has been reported for other graphitic
materials [34, 39].

Since monolayer freestanding graphene with a Young's modiglu®f 1050 GPa
[47] has a de/de= -40 cm'/% strain, it is possible to determine tBg(GO) in the
nanocomposites from the gdéale listed in Table 7.3 using the following expression:

dap /de | Ty, p (7.7)
(da)D /d‘g)ref tGO o

E.s (GO) =
where (dmw/de).s denote the reference value ofgde for freestanding graphene (=
-40 cmY/%) [13, 41]. tga and tgo represent the thickness of monolayer graphene
(0.34 nm) [9] and GO (0.84 nm, obtained from the XRD (Fig. 7.3)), respectively, to
account for the effect of the increased thickness on the decrease of the Young's
modulus [48]. Again to exclude the effect of the different Poisson’s ratio of the
matrix, all the dm/de values may be converted to the value for freestanding
materials. The effect of the spatial orientation is not included as any mis-orientation
leads to a proportionate reduction in tag(GO) determined either from the storage
modulus or through dgfde [50].

The Raman band shift data gives an independent estimate &@&0O) in the
nanocomposites as shown in Table 7.3. It can be seen that the values are all around
120 GPa and similar to tHe.(GO) determined from the storage modulus data at

low GO loading, further confirming the validity of this model. Even though, these
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values are still lower than the Young’s modulus of monolayer GO [10, 29]. Fig. 7.12
shows a schematic illustration of the factors that may lead to this discrepancy.

Figure 7.12 lllustrations of the possible arrangements of GO in nanocomposites (a)
perfect aligned, (b) misoriented and (c) wrinkled. The solid lines represent side
views of GO flakes.

Fig. 7.12(a) shows the situation for perfectly-aligned GO flakes of finite length. In
this case, as shown in Chapter 4, large GO flakes still follow the ‘shear lag effects’
and the flake can be nearly uniformly stressed along the stress direction [37, 51],
hence the rule of mixtures should be obeyed with the strain in the GO being equal to
the strain in the matrix. Despite the size of the flakes is considerably large, as
measured using SEM in Chapter 4, invisible cracks and wrinkles in the GO flakes
may damage their structural continuity thus reduce the stress transfer across the
entire flake, being equal to the situation with a patchwork of small flakes [28],
leading to an overestimation of the size fagjor

Fig. 7.12(b) shows the misorientation of GO flakes. It is clear that GO aligned in the
direction of stress, gives rise to the majority of the reinforcement in the system. As
indicated in Chapter 6, the spatial orientation of GO decreases as the GO loading

increase, which is reflected by the generally decrease of the val{Byafsd)),

<P4(c096’)> and Krenchel orientation factor. The value of Krenchel orientation factor,

between 8/15 and 1, can also be used to estimat&(th®) using the rule of
mixtures (Eq. 7.2).

Another factor that will lead to a lowdt(GO) is its waviness or the wrinkled

geometry (Fig. 7.12(c)). There are two effects in this circumstance, one is that the
wrinkled structure can also be understood as the misalignment of GO; the other one
may not be so obvious that, the presence of the wrinkle can diminish the structural

continuity of individual flake thus stopping the continuous stress transfer over the
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entire flake as discussed in Chapter 3. The decredsg(&O) can also be from the
aggregation of GO flakes, and it decreasing with the increase of GO loading seen in
Tables 7.2 and 7.3 may be a reflection of more aggregation occurring at higher GO
loading. However, the results of XRD (Fig. 7.3) suggest the aggregation might not
be from the interlayer stacking, but through edge-by-edge aggregation [30].

The calculated dg/de = -14 cm'/%, indicated in Chapter 4 is to be the same order

of the value of de/de (~-20 cm‘/%) derived here, and @&(GO) can be obtained

as ~150 GPa for the monolayer GO in that case, slightly lower than the values
obtained using direct measurement [10]. The difference can be explained as due to
the absence of direct bonding formed between the GO flake and the PMMA
substrate, as the GO flake was just deposited onto the PMMA substrate without
further treatment or top coating.

7.4 Conclusions

A new insight has been obtained into the reinforcement of PVA by GO through the
use of Raman spectroscopy. It has also been demonstrated that it is possible to
follow stress transfer between the PVA matrix to the GO from stress-induced shifts
of the Raman D band. Moreover, it has been shown that it is possible to use the
Grineisen parameter to estimate g GO) in the nanocomposites from theddz

value to be around 120 GPa. The:(GO) value determined by this method is
similar to that obtained using the measured storage modulus and the simple rule of
mixtures. In both casds#GO) was found to decrease as the wt% of GO increases
and this has been shown to be consistent with a decrease in the degree of alignment
of the GO with increasing loading determined using polarized Raman spectroscopy
and also aggregation effects. It is clear that the technique of using Raman
spectroscopy to follow the deformation of GO in nanocomposites that has been
developed in this study will have important implications in the future for the analysis
of graphene-based nanocomposites.
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Chapter 8 Conclusions and Suggestions for Future Work

8.1 Conclusions

8.1.1 Model Monolayer Graphene and Graphene Oxide Nanocomposites

The Raman 2D band was used to monitor the deformation of a monolayer graphene
nanocomposite — CVD graphene placed onto the top of PET substrate. Unlike the
exfoliated graphene flakes studied before, this CVD graphene has wrinkled networks
that separate the graphene into isolated islands with average lateral size of around
1~1.5um. It has been found that Raman 2D band behaviour deviates from what has
been found previously, showing a large band broadening. It was proposed the
deviation is a result of the graphene networks as the size of the mechanically isolated
graphene islands is too small to fully transfer the stress from the substrate to
graphene. Also the size is comparable to the resolution of Raman spectrometer -
laser spot size. Based on this, a new model has been established to deconvolute the
Raman spectrum by separating the graphene island into elementary units. Thus it can
be considered as the summation of the Raman scattering from all the units to take
account both the non-uniformity of local strain in the graphene island and the
variation of laser intensity in the laser spot. In this circumstance, the Raman
scattering, from the units bearing higher strain, shifts more than those from units
with lower strain, resulting in the abnormal observation. The good fit between the
experimental data and the prediction confirms the appropriateness of this model,
validating the use of this technique in estimating the effect of defects such as
wrinkles on the performance of graphene-based devices. It also implies that when the
characteristic dimensions of the microstructure are of similar size to the spatial
resolution of the Raman spectrometer laser spot, the conventional analysis has to be
corrected to take into account both the structural non-uniformity and the resolution
of the laser beam.

The deformation mechanics of monolayer graphene oxide (GO) has been revealed
for the first time by Raman spectroscopy. It was found that the Raman D band
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underwent downshift under tensile strain. According to the knowledge of Grlineisen
parameter [1], the Raman D band shift rate with straimi@kpis just 1/3~1/2 of the
value of the monolayer graphene, probably due to the structurally distorted basal
plane of GO caused by the introduction of functional groups during oxidation [2]. It
has been further demonstrated that the measurgftldean be used to monitor the
strain distribution from the GO flake edge thus its deformation mechanics can be
revealed. It was found that the GO flake also obey continuum mechanics that the
stress can be completely transferred from the substrate to the central region of the
GO flake, resulting in a strain plateau but it dropped sharply at the edge. This almost
constant strain distribution from the GO flake indicates that most part of the flake is
able to reinforce a matrix, thus a higher stress transfer efficiency of GO compared to
that of graphene can be expected.

8.1.2 Spatial Orientation of Graphene and GO

It has been demonstrated for the first time that well-defined Raman spectra can be
obtained from transverse sections of graphene monolayers, as a result of its strong
resonance Raman scattering. Based on this, polarized Raman spectroscopy was used
to quantify the spatial orientation of graphene in terms of an orientation distribution
function (ODF). This analysis was further verified by the height profile of the
monolayer graphene showing a similar ODF. Beyond CVD graphene with a high
orientation degree, the analysis was also found to be applicable to bulk materials
such as HOPG and specimen with a lower orientation degree such as graphene paper.
This analysis was extended to quantify the degree of spatial orientation of graphene
and GO in the bulk nanocomposites, and related to the mechanical properties of
composites through the Krenchel orientation faoper[3]. It was found that the

gpatial orientation of GO decreases as its loading increases in the nanocomposites,
possibly because of the added GO flakes make it more difficult for the other flakes to
be well aligned.

Another significant new finding of this study is that the Krenchel orientation factor

o for randomly oriented nanoplatelets is 8/15. This means that random orientation
of fillers such as graphene should reduce the Young’'s modulus of the
nanocomposites by less than a factor of 2 compared with the fully-aligned materials.
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Compared to the reduction in the modulus of a factor of 5 from aligned to 3D
random fibres and nanotubes [3], it means that better levels of reinforcement should
be achievable with misaligned nanoplatelets compared with nanotubes and there is
less need to ensure accurate alignment of the nanoplatelets.

8.1.3 Deformations Mechanics of GO in Nanocomposites

The method to monitor the deformation of GO in model nanocomposites, and to
quantify the spatial orientation of GO in bulk hanocomposite have been used for the
first time to monitor the reinforcement of PVA by GO. The size fagicand
Krenchel orientation factoy, have been considered to reveal the impact of size and
orientation of the filler on the effective modulus of GR«{GO)) in nanocomposites,
according to the simple rule of mixtures using the measured storage modulus data.

It was also found that the measuredpfite for the nanocomposites with different

GO loading can be correlated to the corresponding Krenchel orientation/fgahor

hence the value of wb/de for perfectly aligned GO can be derived, in broad
agreement to the experimental value obtained on monolayer GO, which is
approximately half of that of graphene. Based on this, it was proposed that the
structural distortion after oxidization halves theptte value as well as the Young'’s
modulus of GO [2]. The Young's modulus of GO is further halved by the increased
thickness compared to that of graphene, leading to modulus being around 1/4 of that
of graphene, in accordance with direct measurements [4, 5].

Moreover, it has been shown that it is possible to interpret thg¢dewasing the
knowledge of Griineisen parameter to estimat&th@O) in the nanocomposites to

be around 120 GPa, comparable to the values obtained using the measured storage
modulus and the simple rule of mixtures. In both case€f&0O) was found to
decrease as the GO loading increases and this has been shown to be consistent with a
decrease in the degree of alignment of the GO with increasing loading determined
using polarized Raman spectroscopy. It is clear that the technique of using the
Raman spectroscopy to follow the deformation of GO in nanocomposites that has
been developed in this study will have important implications in the future for the
analysis of GO-based nanocomposites. Beyond just graphene and GO, this approach

176

Distribution A: Approved for public release; distribution is unlimited.



Chapter 8 Conclusions and Suggestions for Future Work

should be more widely applicable to other nanoplatelet fillers for which well-defined
Raman spectra can be obtained.

8.2 Suggestions for Future Work

8.2.1 Deformation Mechanics of Mono- and Few- Layer GO Flake

It was shown in Chapter 4 that monolayer GO still follows continuum mechanics in
the microscale and the strain distribution across the GO flake is almost constant. It
was also reported that the reinforcement efficiency of graphene generally decreases
as the number of layers increases, due to its poor interlayer shear modulus [6], which
has also been confirmed by the direct measurement where the Young’s modulus of
monolayer is higher than that of few-layer graphene [4, 7]. However for GO
membrane, an almost constant Young’s modulus has been observed for different
number of GO layers using a similar method [5]. This can be understood as the
interlayer anchoring or locking because of the bonding formed between the
functional groups of adjacent GO flakes [8]. If this can be proved, it will demonstrate
that there is less need to exfoliate GO into monolayer or even few-layers in the
matrix. This would be particularly useful for certain polymers like epoxy, PMMA etc.
[9], and for some solvent-free preparation methods, where the complete exfoliation
of GO is not easy [10]. At the same time, the reason why the valuexfdedad GO

is only 1/3~1/2 of that for graphene is worth further investigation.

8.2.2 Nanocomposites Reinforced Using Liquid Exfoliated Graphene

Graphene exfoliated by solvent is an alternative material to be used in
nanocomposites for its potential for mass production at a low cost [11]. Although its
reinforcement upon the matrix has been observed by methods like mechanical testing
[12], the deformation of these flakes has not been observed so far in the microscale,
i.e. using Raman spectroscopy. According to the study in Chapter 3, it is proposed
that the small flake size of the liquid exfoliated graphene leads to a very small, if not
completely absent, Raman band shift. Furthermore, the small size may also cause a
poor spatial orientation of the flakes compared to that with big lateral size. The two

possible mechanisms lead to a poor reinforcement efficiency of such liquid
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exfoliated graphene flakes. In the future study, if any method can be utilized to
experimentally observe, or model the deformation of the liquid exfoliated graphene
in nanocomposites, its reinforcement mechanisms can be better revealed, to pave the

way of using graphene of this kind in nanocomposites in industrial applications.

8.2.3 Wrinkling of Graphene and GO

It has been discussed in details in Chapter 7 that the size and spatial orientation of
graphene affect the reinforcement efficiency in the nanocomposites remarkably.
However, another almost inevitable effect on its mechanical property is the
wrinkling of the graphene and GO flakes. Graphene intrinsically shows a wavy
structure [13], while for GO the basal plane is highly distorted due to the
introduction of defects and functional groups [2].

In fact the wrinkled structure has two different impacts. The waviness can be
understood as a deviation of the spatial orientation, as observed on the monolayer
graphene on substrates (Chapter 5). Meanwhile the wrinkles can also reduce or even
stop the structural continuity of graphene thus the stress transfer is interrupted, as
discussed in Chapter 3. Hence the effect of wrinkles should also be considered in the
future study on the mechanics of graphene and GO or other 2D materials.

8.2.4 Other Two-Dimensional (2D) Materials

Graphene is clearly an excellent material for future applications. Its counterparts,
other 2D materials like boron nitride [14], molybdenum disulphide [15] and tungsten
disulfide,etc. [16], also possess comparable properties so they would as well be good
candidates for the application of electronic device and nanocomposites. Particularly,
unlike graphene, their bandgap [16] enable them to be more widely applied in the
application of electronic devices. Furthermore, those 2D crystals, including graphene,
can be artificially re-stacked at an angle with each other to obtain a heterostructures,
showing unusual phenomena [16]. Likewise, well-defined Raman spectrum can be
obtained on these 2D materials, which has already been used to identify the number
of layers [14], and the crystallographic orientation [17]. In addition the strain
induced Raman band shifts has been observed when the specimen was deformed [15,

17]. As the models proposed in this thesis are all based on the crystal structure
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(Gruneisen parameter) and the vibrational mode (polarizability tensor) of graphene,
as a result, if any Raman band of these 2D crystals can be assigned to one vibrational
mode, it can as well be used to investigate the mechanics and spatial orientation of
this 2D crystal in either devices or nanocomposites.
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